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Abstract

Due to the increasing appeal to the high voltage, high temperature and high frequency
applications, Silicon Carbide (SiC) is continuing attracting world’s attention as one of the
most competitive candidate for replacing silicon in power electric field. Meanwhile, it is
important to characterize the defects in semiconductors and to investigate their influences
on power devices since they are directly linked to the carrier lifetime. Moreover, reliability
that is also affected by defects becomes an unavoidable issue now in power electrics.

Defects, including point defects and extended defects, can introduce additional ener-
gy levels in the bandgap of SiC due to various metallic impurities such as Ti, Fe or intrin-
sic defects (vacancies, interstitial...) of the cristalline lattice itself. As one of the widely
used defect characterization method, Deep Level Transient Spectroscopy (DLTS) is supe-
rior in determining the activation energy E,, capture cross section ¢ and defect concen-
tration N, as well as the defect profile in the depletion region thanks to its diverse testing
modes and advanced numerical analysis.

Determination of Schottky Barrier Height (SBH) has been confusing for long time.
Apart from experimental measurement according to I-V or C-V characteristics, various
models from Gaussian distribution of SBH to potential fluctuation model have been put
forward. Now it was found that these models are connected with the help of flat-band bar-
rier height @, . The Richardson plot based on ®,. along with the potential fluctuation
model becomes a powerful tool for SBH characterization. SBHs with different metal con-
tacts were characterized, and the diodes with multi-barrier are verified by different models.

Electron traps in SiC were studied in Schottky and PiN diodes, while hole traps were
investigated under strong injection conditions in PiN diodes. 9 electron traps and 4 hole
traps have been found in our samples of 4H-SiC. A linear relationship between the extract-
ed E, and log( o ) indicates the existence of the intrinsic temperature of each defects.
However, no obvious difference has been found related to either barrier inhomogeneity or
contact metal. Furthermore, the electron traps near interface and fixed positive charges in
the oxide layer were investigated on SiC power MOSFETs by High Temperature Gate Bi-
as (HTGB) and Total Ionizing Dose (TID) caused by irradiation. An HTGB-assist-TID
model was established in order to explain the synergetic effect.

Two carrier freeze-out regions were found near 40 K and 100 K that will degenerate
the accuracy of traditional capacitance DLTS test. Meanwhile, concentration of certain de-
fects can be reduced by high temperature annealing, that is also a cause to the multi-barrier
effect. Special attentions were paid on defects with tiny activation energy at extremely low
temperature as well as the abnormal DLTS signal caused by negative-U centers. Irregular
switch on DLTS transient (i.e. between capture and emission) is found related to width of
detection zone in depletion region.
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Abstract

Future works are mainly focused on interface characterization as well as improve-
ment on trapping models at low temperature. In addition, the stress effect especially intro-
duced by the characterization method should be paid attention as well.

Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon 111

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



List of figures

Figure 1.1. Comparison of material properties of Si, SiC and GaN [3]..........cccccvvvvvnnnn. 5

Figure 1.2. Major territories of individual unipolar and bipolar power devices for Si
and SiC in terms of the rated blocking voltage [13]. .....ccooviiiiiiiiiiiiiii e, 7

Figure 1.3. Double barrier phenomenon in Schottky diode..............ooooevvviiiiiiiiieneenniinnns 8

Figure 1.4. Temperature dependence of forward I-V characteristics for 4H-SiC
rectifier reported iN [19]. .o 9
Figure 1.5. Number of articles which report defects with certain activation energy
(Eg —E; ) INAH-SIC. ..o 13

Figure 2.1. Formation of an ideal Schottky barrier between a metal and an n-type
semiconductor (a) neutral and isolated, (b) electrically connected by a wire, (¢)
separated by a narrow gap, (d) in perfect contact. Cross and circle marks in (b)
denote donor ion and electron in conduction band respectively..............cccooooinnn 16

Figure 2.2. Metal-semiconductor contact with interface states. ............cccccccoviiiinnnnn, 17

Figure 2.3. Main current transport processes in a forward-biased Schottky barrier... 19

Figure 2.4. Image-force lowing of SBH. ..o 23

Figure 2.5. (a) Schematic of the Tung model. A random distribution of circular patches

of size R, and barrier height ¢ —A in the otherwise homogeneous background of
SBH 4. (b) A patch of size comparable to or smaller than the semiconductor

Debye length gives rise to a potential saddle-point S beneath the patch center O.
(c) Potential profile along the interface normal (along O-S) for zero applied bias

V., and for a reverse bias (v, <0) . Reverse bias reduces the potential maximum

(i.e., an increased depth) near S. (d) Lateral profile of the potential maximum
projected normally onto the MS interface. The dashed line is the exact potential,
the dash-dot line is Tung’s parabolic approximation, and the solid line is the
truncated paraboloid used to calculate the microscopic BHD. (e), Calculated

probability density for a single low-barrier patch of strength y , with

g5 =5 —D(y) and ¢l =¢{ [102]. .o 34
Figure 2.6. The barrier height obtained from I-V measurements as a function of

inverse temperature in [86]. .......ccccciiiiiiiii 35
Figure 3.1. Schematic of electron capture-emission through trap levels. ..................... 40
Figure 3.2. Lambda shift under either reverse bias or pulse voltage. .......................... 42
Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon v

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



List of figures

Figure 3.3. A schematic of the DLTS transient signal generation. (a): Steady state
reverse bias, (b): Applying pulse; (c): Just after removing pulse; (d): Capacitance
transient due to thermal emission of carriers. .........cccccoci 44

Figure 3.4. Capacitance and band diagram evolution based on bias condition. ........... 45

Figure 3.5. Difference in capacitance between two time points at various temperatures
[ L3 o 46

Figure 3.6. Original capacitance transient signal (upper plot) and its Laplace
transform spectra (lower plot). Inner table lists the extracted parameters of two
different levels, where their fitting curve is presented in the upper plot as solid
HINE. oo 49

Figure 3.7. Isothermal DLTS signal (b1) with variation of pulse width logarithmically
on 4H-SiC SBD with metal contact of tungsten. Three signals were measured at
different temperature marked in the plot. ............ocoiiii i, 53

Figure 3.8. Schematic illustration of pulse shape and capacitance transient in DDLTS

[ et 55
Figure 4.1. Map of cell of SBD samples, diodes within each cell are labeled from D1 to

DB, ettt ettt e e e ettt e e e e e e e b ittt e e e e e e e naaes 58
Figure 4.2. Mapping of barrier height on 3 SBD samples. Those marked “no diode” are

lack of effective diodes due to wafer cutting. ............ccoooi i 60
Figure 4.3. Cryostat system used for I-V and C-V measurements..............ccooeevvvvnneenns 61

Figure 4.4. DLTS test system (left) and its inside view on head part for sample

INStAllation (FIghT). ... e 62
Figure 4.5. Forward I-V characteristic on diode Ti/W liftoff..............cccoooeiiiiiinnnn, 66
Figure 4.6. Calculated Schottky barrier height and shallow doping concentration on

Ti/W liftoff diode based on C-V characterization. ...............ccooooviiiiiiiiiiiiiiiiiiinns 67
Figure 4.7. Richardson plot on Ti/W liftoff diode. ...........ccoviiiiiiii 67
Figure 4.8. Modified Richardson plot and its modification based on flat-band barrier

=T o 0 PSPPSR 68
Figure 4.9. Zero-bias barrier height ®,, and 1/n-1 as a function of gq/2kT .............. 69

Figure 4.10. Comparison of zero-bias barrier height ®,,, n®,,, SBH determined by
C-V @, and flat-band barrier height @, . ........ccooooooiiiiii 69

Figure 4.11. DLTS signal (correlation bl) and the simulation fitting curve according to
the parameters of 6 trap levels extracted by Arrhenius analysis list in Table 4.6
on Ti/W liftoff diode between 200 K and 550 K. .......cooooiiiiiiiiiiiiiciec e, 70

Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon \Y%

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



List of figures

Figure 4.12. Current DLTS (I-DLTS) signal (correlation bl) on Ti/W liftoff diode from
70 K to 170 K and between 20 K and 60 K (inner plot), with a period width of

0 I o OSSPSR 71
Figure 4.13. Forward |-V characteristics on two diodes (a) and (b) of Mo-etch samples.
............................................................................................................................. 72

Figure 4.14. Calculated SBH @, based on C-V characterization. Inner plot shows

the extracted doping CONCENTIatiON. .......ccovviviiiiii i 73

Figure 4.15. Modified Richardson plot based on the flat-band barrier height ®,. on
diode (a) and (b). n and I were calculated in the different linear zones of the I-

WV CUIVES. ittt 74
Figure 4.16. 1/n—1 as a function of q/2kT on diode (a) and (b). ......cccoovvvriiiiiiiiinnin, 74

Figure 4.17. DLTS signal (correlation bl) with a period width of 204.8 ms on the
diodes (a) and (b) of Mo sample between 200 K and 550 K. The inserts are |-
DLTS spectrum between 20 K and 60 K (top right) and 70 K to 170 K (top left). 75

Figure 4.18. DLTS signal (b1) with a period width T\, = 204.8 ms of different scan
cycles on Ti/W sputtering 1 min diode (A). coooovvviiiiiiiiiieee e 76

Figure 4.19. Forward |-V characteristic on diode (A) of Ti/W sputtering 1 min between
200 K and 400 K measured during the DLTS test of (a) : 1% scan and (b) : 3" scan
Hustrated in FIQUIE 4.18. .. oo 77

Figure 4.20. Evolution on forward I-V characteristic due to (a):annealing before DLTS
scan with high temperature and (b) room temperature annealing after high
temperature DLTS scan on diode (B) of Ti/W sputtering 1 min with labels

illustrated in Table 4.9. ... 78
Figure 4.21. Evolution on forward I-V characteristic due to DLTS scan on diode (B) of
Ti/W sputtering 1 min with labels illustrated in Table 4.9. ..., 79

Figure 4.22. DLTS signal (b1) with a period width T\, = 204.8 ms of different scan
cycles on Ti/W sputtering 1 min diode (B). The labels indicate the number of
DLTS scan cycles (Tempscan) marked in Table 4.9, .........cccoooeiiiiiiiiiin i 79

Figure 4.23. Isothermal DLTS scan with variation of period width (T,) from 0.6 ms to
3 s on diode (B) of Ti/W sputtering 1 min sample. Labels of test number are
illustrated in Table 4.9. ... 80

Figure 4.24. Forward I-V characteristics between 80 K and 400 K measured in the
cryostat with a step of 20 K on samples of (a): Tungsten (S7); (b):
Titanium/Tungsten (S3); (¢): Nickel (S2) and (d): Molybdenum (S8). Sample
descriptions are illustrated in Table 4.1, .......ccooiiiies 81

Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon VI

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



List of figures

Figure 4.25. Comparison of forward I-V curve at 80 K, 300 K and 400 K on four SBDs

with different metal CONTACES...........oiiiiiiiiii e 82
Figure 4.26. Modified Richardson plot according to flat-band SBH of 4 diodes with
different metal CONTACTES. .....vviiii i e e e e e 82

Figure 4.27. (a):1/n—1 as a function of g/2kT (potential fluctuation model) and (b)
zero-bias barrier height @, as a function of q/2kT (Gaussian distribution model)

on 4 diodes with different metal CoONtacts. .........ccocoeviiiiiiiiiii e 83

Figure 4.28. Temperature dependence on (a): zero-bias barrier height ®,, and (b): the
SBH extracted from C-V ®_,, of diodes with 4 different metal contacts. ........... 85

Figure 4.29. Comparison of DLTS signal (correlation b1) between 200 K and 550 K on

4 diodes with different metal contacts...........ccoooiiiiiiiiiiiii 85
Figure 4.30. Comparison of I-DLTS signal (b1) with a period width of 204.8 ms and
temperature range (a): 20 Kto 60 Kand (b): 70 Kto 170 K. ...ocoviiiiiiiiiniininnnnnn, 86

Figure 4.31. Mapping of defect activation energy compared to the conduction band
and its capture cross section with the help of Arrhenius analysis based on DLTS
results on 4 diodes with different metal contacts. Those points circled with dash
lines are suggested to originate from the same defect labeled beside. .................. 87
Figure 5.1. Forward I-V characteristics on diode (L) from 20 K to 550 K. .................. 90
Figure 5.2. (a): Extracted ideal factor n and saturation current I, at different

temperatures according to linear regions with relatively high current illustrated
in Figure 5.1. and (b): plot of In(1,/T*) as a function of 1/nT . Three points
marked with red circles were those measured at lowest temperatures (labeled

beside the circles) and are not involved in the linear fitting. ..................cccoooee 90

Figure 5.3. (a): DLTS spectra under different pulse voltages U, between 20 K and 550
K with Tw=204.8 ms, U, =-10V, T, =100 ps. (b) shows the same signals with a

temperature range from 60 K 10 90 K. ... 92
Figure 5.4. (a) DLTS spectra under different pulse width from 20 K to 550 K with
Tw=204.8 ms, U, =-10V, U, =-0.1 V. (b) is the same signals with a temperature

range from 60 K 10 85 K. ..o 93
Figure 5.5. DLTS spectra (20 K — 550 K) with three different period widths for (a):
strong hole injection with U, =-0.1 V and (b) weak hole injection with U, =-2 V.

Other parameters are as follows: U, =-10 V, T, =100 ps. The flat area with no

peak identified above 400 K in (b) are hided for better illustration..................... 94

Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon VII

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



List of figures

Figure 5.6. I-DLTS signal with a period width of 204.8 ms of both weak and strong
injection condition for the PiN diode within the temperature range of (a): 20 K —

60 K and (b): 60 K — 200 K. ....oiiiiiiiiieee ottt e e e e e e 94
Figure 5.7. HERA analysis results for the defect between 250 K and 450 K, the
extracted level 1 and 2 indicate the possible overlap of the trap levels. ............... 97

Figure 5.8. (a): Original threshold voltage for all 20 samples involved in HTGB test
and (b): Dispersion of normalized Vth before (left part) and after HTGB (right
part), with 10 MOSFETSs for each group (162 h or 332 h). The first 10 samples (ID
R2201 to R2210) belong to 332 h HTGB test and the rest 10 are in the 162 h group.

Normalized V,, was separately calculated. .................ccoooeiiiiii e, 100
Figure 5.9. Input capacitance C. as a function of applied drain-source voltage V, on

162h-HTGB device (R2217) and 332h-HTGB device (R2207) before and after

HTGB along with data measured after room temperature annealing for a week.

Figure 5.10. Time dependence of normalized threshold voltage during one week after
HTGB. No bias was added during this annealing at room temperature............. 101

Figure 5.11. Threshold voltage shift as a function of radiation dose with different
HTGB time, compared to the value right before the radiation experiment. Open
symbols present data measured after annealing. X-axis is slighted adjusted within
each TID dose group for better reading. .........cccoooeviiiiiiiiiiiin e 101

Figure 5.12. Drain-source leakage current @V,, = 1200 V and the shift on threshold

voltage as a function of radiation dose and HTGB time. Several 1, much lower

in 1 KGy group are not shown here. Open symbols present data measured after
annealing and the half-filled symbols are the threshold shift compared to their
original values. X-axis is slighted adjusted within each TID dose group for better
L0=T= (o |1 o TR 102

Figure 5.13. Gate leakage current @V, =22 V as a function of radiation dose and

HTGB time. Open symbols present data measured after annealing. X-axis is
slighted adjusted within each TID dose group for better reading. ..................... 103
Figure 5.14. Normalized input capacitance @ V,, = 0.1 V as a function of radiation dose
and HTGB time. Open symbols present data measured after annealing. X-axis is
slighted adjusted within each TID dose group for better reading. The insert shows
the variation of C,, due to HTGB before TID. ..........ccccciiiiiiii, 103

Figure 5.15. Illustration of band diagram near interface during HTGB (right) and TID

(left), with the marked process (a): electrons directly tunneling and capture (b):

Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon VIII

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



List of figures

electron-hole pairs generation due to irradiation and (c): holes displacement and
(o1 1 o] AU | TP PP 104
Figure 5.16. (a): pulse capacitance and (b): reverse capacitance with a bias of -10 V
measured during DLTS scan between 20 K and 550 K on PiN diode discussed in
SECLION 5.0 ittt 106
Figure 5.17. DLTS signal and the peak analysis by Origin on (a): diode (L) with T, =1

ms, T, =100 ms and (b): diode (S) with T, =1 ms, T, =200 ms between 80 K and
400 K. The sizes of the Alphabets represent the height of each individual peak.108

Figure 5.18. Extracted (a): activation energy relate to conduction band E. —E; and (b):
capture cross section as a function of the test batch with different T,-T,

combinations of peak E on diode (L), along with their correlation on linear fitting
AUring Arrhenius analySiS. ... i 108
Figure 5.19. Linear relationship between activation energy and capture cross section of
(a): peak E and (b): peak H on diode (L). Two points marked red in (b) are
suggested to be the error data and are not used in the linear fitting.................. 109
Figure 5.20. Linear relationship between activation energy and capture cross section of
all three peaks (A, E, and H) on diode (L) and diode (S). Several points of peak H
are suggested to be the error data and are marked red. ............cccccceeiiiiiiinninnnn, 109
Figure 5.21. DLTS signal (correlation bl) with a period width of 204.8 ms on (a): Ti/W
sputtering 1min sample (S4) and (b): Ni sputtering sample (S2) during
temperature scan in different directions (heat up or cool down). The waiting time
between scan of 300 K — 600 K and 600 K — 300 K is limited to minutes and can be
=T o] =T o (o PRSPPI 111
Figure 5.22. Signal DLTS on different correlations (a): al(Tw/2) and (b): b1M on the
Ti/W sample with the same scan 300 K — 600 K — 300 K as in Figure 5.21(a). ... 112
Figure 5.23. DLTS signal (correlation bl) between 300 K and 550 K on PiN diode
discussed in section 5.1 with a period width of 20.48 ms and 2.048 s (top-right
plot). Before the DLTS scan 550 K — 300 K, an additional waiting time of 30 min
are applied with tiny bias (-0.1 V) right after the heat-up scan (300 K — 550 K).

Figure 5.24. DLTS spectra with 3 different period widths on diode Ti/W liftoff (S3)
between (a): 60 K and 600 K, while (b) is the same signal between 60 K and 120 K
in order for better illustration, with U, =-10V, U, =-0.1V and T, = 100 ps.114

Figure 5.25. (a): DLTS spectra (bl) between 60 K and 120 K with 7 different period
widths on Tungsten diode (S7) and (b) is its Arrhenius plot extracted. ............. 115

Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon IX

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



List of figures

Figure 5.26. 3D-plot of Figure 5.25(a). The blue and red dash lines indicate the
evolution trend 0N tWo PEAKS. .....covviviiiiiii e 115
Figure 5.27. I-DLTS signal (correlation bl) on Ti/W sputtering 1 min sample (S4) at
low temperature. The black squares are that discussed in Chapter 4, while the red
circles are the focus in this SECTION. .. ....vvvviiiiiiii 117
Figure 5.28. Arrhenius plot from maximum analysis of DLTS on diode S4 at
temperature below 25 K. The pulse width is 5 pus and the bias condition on (a) and
(b) are listed inside plot. Some points extracted with maximum analysis that do
not belong to these two levels are not shown in the plot................ciiiii, 118
Figure 5.29. I-DLTS signal (correlation b1l) from ITS period scan at 17.35 K on sample
S4with T, =5ps, Uy =-5Vand U, ==0.1 V. ....cooiiiiiiiiiiiiiiccn 118

Figure 5.30. I-DLTS signal (correlation bl)of isothermal variation of T, at 17.35 K

with a fixed period width of 200 MS. .....c..coiiiiiiii 119
Figure 5.31. I-DLTS signal (correlation bl)of isothermal variation of (a): U, and (b):

Up at17.35 Ku 120
Figure 5.32. I-DLTS signal (correlation bl)of isothermal variation of both U, and U,
with pulse heights keep constant. ..........cccooviiiiii i 120
Figure 5.33. I-DLTS signal (correlation bl)of isothermal variation of T, at 17.35 K
with a fixed period width 0f 1 MS. ....coooiiiiiii e 122
Figure 5.34. I-DLTS signal (correlation bl)of isothermal variation of U, at 17.35 K
with (a): U, =-10V and (b): U, =-20 V. The pulse width is 30 ps and period
width is 1 ms. Inner plot in (a) shows the trap concentration profile calculated
based 0N FESUITS IN (B). ..vvieriiieei e e e e 122

Figure 5.35. Left plot : I-DLTS signal (correlation b1)of isothermal variation of T, at
17.35 K with a fixed period width of 200 s. And right plot: the measured

transient curve at different T, in the left plot................ooooo, 123
Figure 5.36. Left plot : I-DLTS signal (correlation bl)of isothermal variation of U, at
17.35 K with a fixed period width of 200 s. And right plot: the measured

transient curve at different U, in the left plot...................oo, 123
Figure 5.37. Relationship between the observed transient curve and U, —U. during the

DLTS shown in Figure 5.36. The blue dots surrounded by rad dash square
indicate the measured transient signals which correspond to that in Figure 5.36
With the same label. ... e 124

Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon X

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



List of figures

Figure 5.38. The maxima and minima voltage illustrated in Figure 5.37 as a function of
pulse voltage used in the DLTS isothermal variation of U, measures. Different
voltage sources were used that (a): low voltage module up to 20 V and (b): high
voltage module Up t0 100 V. .o 124

Figure 5.39. The maxima and minima voltage illustrated in Figure 5.37 as a function of
reverse bias used in the DLTS isothermal variation of U, measures. Different
voltage sources were used that (a): low voltage module up to 20 V and (b): high
voltage module up t0 100 V. ... 125

Figure 5.40. I-DLTS signal (correlation bl)of isothermal variation of U, and U, at

17.35 K with fixed difference of (a): U, -U, =-9 V and (b): U, -U_,=-11V..126

Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon XI

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



List of tables

Table 1.1. Main Physical Properties of 3C-, 6H-, 4H-SiC, and Si [10, 11]............ccccovnns 6
Table 1.2. The maximum blocking voltage available for some commercial high power
SiC devices and their fabricants. Information is updated to August 2018. ............ 7
Table 1.3. Classification on defects in crystals. ..........ccccccviiiiii i 10
Table 1.4. Several defects reported in 4H-SIC. ... 14
Table 3.1. Comparison of different DLTS modes from our DLTS manual, it marks
with ‘+> as good, ‘0’ as medium and “-> asbad......................cocci, 51
Table 4.1. 4H-SiC SBD samples used in this STUAY. ..........coiiiiiiiiiiiiiins 58
Table 4.2. Size parameters of diodes illustrated in Figure 4.1...........cccoooiiiiiiiiiiiiiiinnnn, 59
Table 4.3. Statistics on each sample from the preliminary I-V charactrization. .......... 60
Table 4.4. Typical parameters used for capacitance DLTS scan. ..........ccccooeevvvvieeeennnnn. 64
Table 4.5. Common isothermal DLTS MOES. ......ooiiiiiiiiiiiiiiiieceeeiii e 64

Table 4.6. Calculated deep level parameters based on Arrhenius plot by DLTS
measurement between 200 K and 550 K and those interpretations. The defects are
indicated by the position of the positive peak shown in Figure 4.11. ................... 71

Table 4.7. Calculated deep level parameters based on Arrhenius plot by I-DLTS
measurement between 20 K and 170 K and those interpretations. The defects are
indicated by the position of the negative peak shown in Figure 4.12.................... 72

Table 4.8. Comparison of the parameters of the Gaussian model and the potential

fluctuation model. The two parameters ®,, and o5 are calculated from the Eq.

(2.46) with extraction of the MR plot of Figure 4.15. .........ccoooiiiiiiiiiii e 75
Table 4.9. Measure steps and addition condition on diode (B) of Ti/W sputtering 1 min
sample. General measure condition of 1-V and DLTS temperature scan are given

in section 4.2, while that of Isothermal DLTS tests are illustrated in Figure 4.23.

............................................................................................................................. 77
Table 4.10. Flat-band SBH and effective Richardson constant of diodes with different
metal contacts extracted from MR plot shown in Figure 4.26. ...........cccccvvvvvvnnne 83
Table 4.11.Parameters in potential fluctuation and Gaussian distribution model of
diodes with different metal contacts extracted from plots shown in Figure 4.27
between 80 K and 400 K. . ..o 84
Table 5.1. Calculated deep level parameters based on Arrhenius plot by I-DLTS
measurement between 20 K and 280 K for both strong and week hole injection.
Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon XII

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



List of tables

The defects are indicated by the position of the negative peak shown in Figure 5.6.

Table 5.2. Calculated deep level parameters based on Arrhenius plot by C-DLTS
measurement for both strong and weak hole injection. The defects are indicated
by the position of the peak shown in Figure 5.4 and Figure 5.5 with the period
width of 204.8 ms, while the activation energy is related to either conduction band
(electron traps) or valence band (hole traps). .........cccccvvvviiiiiiiiiiiiiiii 96

Table 5.3. Trap levels identification. The type C or | indicates the measure used (C-
DLTS or I-DLTS), while the (e) or (h) in identification points out the defect type
(electron trap of NOIE trap).......uieii i e 97

Table 5.4. Main electric parameters tested and test condition. ..............cooevvviiiiinneen, 99

Table 5.5. Maximum time delay between the end of radiation and first characterization

FOHOWING TID TESE. oo e e s 99
Table 5.6. Activation energies of common SiC doping impurities summarized in [159].
........................................................................................................................... 107
Table 5.7. Calculated trap parameters on average based on Eqg. (5.4) along with he
slope and intercept of linear fitting of each peak shown in Figure 5.20. ............ 110
Table 5.8. Extracted trap parameters on Ti/W and Ni samples with the help of
Maximum (maximum Arrhenius analysis) and HERA analysis. ........................ 112
Table 5.9. Extracted V, of sample S4 at different temperature according to C-V
analysis measured by DLTS system during the tempscan. ..........cccccceeeveeveeeinnnnns 121
Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon XIII

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



List of symbols

A Richardson constant / Amplitude of transient
A Effective Richardson constant
B Offset during transient
C Capacitance
C (t) Capacitance as a function of time
C'(t) Capacitance as a function of time after the second pulse of DDLTS
AC Amplitude of capacitance transient
AC, Amplitude of individual capacitance transient
C, Capacitance before transient
s Input capacitance of MOSFET
Cy Capacitance at reverse bias
D* Positive charge state
D- Negative charge state
D° Neutral charge state
D, Diffusion constant of electron
D, Interface states density
& Electric field
E, Activation energy
&, Breakdown field
E. Energy level of conduction band
E. Fermi level
EN Fermi level in the metal
E: Fermi level in the semiconductor
E, Energy gap between conduction band and valence band
ngf Measured effective forbidden band gap
E, (0) Energy gap between conduction band and valence band at 0 K
E, Energy level of valence band
F Discrete Fourier Transform
& Electric field between metal and semiconductor
E o Maximum electric field over the barrier
& Surface electric field
E, Energy level of trap
I Current
Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon X1V

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



List of symbols

(t) Current as a function of time

Saturation current of p-n junction
Drain-source leakage current of MOSFET
| Gate leakage current of MOSFET
Current at reverse bias

I Saturation current of SBD

Current density

[ S

Saturation current density of rectifier

(&

Current density from metal to semiconductor

(&

Recombination current density

(&

)
3

Current density from semiconductor to metal

(&

&

Current density according to thermal emission theory

Distance intersection Fermi level and trap level
Number of sampling values
Electron effective density of states

(]

Doping concentration of acceptor

Doping concentration of donor

w]

Shallow doping concentration

)

zZ 2 Z2 Z2 Z Z2 -
>

Trap concentration

i

Net positive charge in the semiconductor

©

Negative charge on the surface of metal

3

Net positive charge due to interface state

O O

%)
@

On-resistance

=]
=1

Series resistance

Effective surface

© »w ;w0
w

Effective surface of region i.

Temperature

- -

Parameter involved in T, effect
Pulse width in DLTS
Period width in DLTS

A

Energy between donor and acceptor level in negative-U system
Recombination ratio

Pulse height in DLTS
Pulse voltage in DLTS

CcC C C C C
T -

T~ o

Second pulse voltage in DDLTS

Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés

XV



List of symbols

U, Reverse bias in DLTS
v Bias voltage
A Breakdown voltage
\2 Difference between @, and &
Vyo Difference between @, and ¢ at balance condition
Vg Drain-source voltage
Vs Gate-source voltage
V, Intersection with x-axis of 1/C? ~V, plot during C-V analysis
\ Voltage drop between metal and semiconductor if electrically connected
V., Reverse bias voltage
Vi Gate threshold voltage of MOSFET
X, Entropy factor during emission process
a Fraction of effective surface of individual region with total contact surface
a, Cosine coefficient of Fourier transform
b, Sine coefticient of Fourier transform
C, Electron capture rate between trap level and conduction band
c, Electron capture rate between trap level and valence band
c, Electron capture rate / Complex Fourier coefficient
c? Discrete Fourier coefficients
d Distance where the barrier falls by a value of kT/q from its maximum
e Electron
e Electron emission rate between trap level and conduction band
e, Electron emission rate between trap level and valence band
e, Electron emission rate
f (t) Continuous function of time
f, Discrete sampling value
h Planck constant
k Boltzmann constant
I Carrier mean free path
m Free electron mass
m” Electron effective mass
n Electron concentration / Ideality factor
n, Concentration of free electrons
n Electron concentration in intrinsic semiconductor
N, Filled traps during the capture process
Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon XVI

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



List of symbols

N, Filled traps during the emission process

p Hole concentration

P, Tunneling probability

q Magnitude of the electron charge

t, Time between end of charging pulse and the first sampling value
v Average thermal velocity

Vy, Thermal velocity of carrier

Vin Thermal velocity of electrons

Vg Saturation drift velocity

w Depletion region width

W,g Effective depletion region width where traps can be detected by DLTS
W, Depletion region width at pulse voltage

W, Depletion region width at reverse bias

X Position where the maximum value of Schottky potential height is reached
D, Schottky barrier height

D, Average of Schottky barrier height

D, Calculated average of SBH based on @, and p,

D, Schottky barrier height at zero bias

D, Average of Schottky barrier height at zero bias

D, Schottky barrier height on flat-band condition

Dy, Individual constant barrier height of a series of ideal regions
Dy, Individual constant barrier with the lowest barrier height

o Effective Schottky barrier height involving image-force lowering
D, Schottky barrier height determined by C-V

AD, Reduction on barrier height due to image-force lowering

D, Work function of metal

D, Work function of semiconductor

a Effective tunneling constant

g Temperature coefficient of band gap

Zs Electron affinity of semiconductor

) Distance between metal and semiconductor

& Permittivity in the vacuum

g, Permittivity of the interfacial layer

&, Relative permittivity of the interfacial layer

&, Permittivity of the semiconductor

Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon XVII

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



List of symbols

£ Permittivity of the semiconductor under high frequency

s Neutral level of interface states

I Temperature coefficient of saturation current in p-n junction
H Carrier mobility

i, Electron mobility

P> Linearity coefficient of ®, varies with bias voltage

Ps Linearity coefficient of o varies with bias voltage

o Capture cross section

Capture cross section of electrons

Capture cross section of holes

o, Standard deviation in Gaussian distribution

o Calculated standard deviation in Gaussian distribution based on @, and p,
O Standard deviation in Gaussian distribution at zero bias

T Time constant

T, Capture time constant

T, Emission time constant

T, Carrier lifetime within the depletion region

@, Angular velocity involved in Fourier transform

¢ Difference between E. and E.

Constant parameter in the expression of saturation current of p-n junction

Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon XVIII

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



Table of contents

ACKNOWLEDGEMENT |
ABSTRACT |
LIST OF FIGURES v
LIST OF TABLES X1l
LIST OF SYMBOLS X1V
TABLE OF CONTENTS XIX
INTRODUCTION 1
CHAPTER 1 START OF ART 4
1.1 Background 5
1.1.1 Development of modern power electronics and its limitation 5
1.1.2 Silicon carbide (SiC) 6
1.1.3  Schottky barrier diodes (SBD) 8
1.1.4 Multi-barrier in SBD 8
1.2 Reliability and Defects 10
1.2.1 Classification of defects 10
1.2.2 Defects reported in SiC devices 12

CHAPTER 2 BARRIER HEIGHT DETERMINATION OF SCHOTTKY

DIODES 15
2.1 Energy band diagram and formation of Schottky barrier diode 16

2.1.1 Ideal Schottky contact 16
Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon XIX

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



Table of contents

2.1.2

2.2
2.2.1
2.2.2
2.2.3
224
2.2.5
2.2.6

2.3
2.3.1
2.3.2

2.4
24.1
2.4.72
243
244
2.4.5
2.4.6
2.4.7

2.5
2.5.1
25.2
253
254

The effect of interface states

Current transport mechanisms though Schottky barrier

Introduction

The diffusion theory

The thermionic-emission (TE) theory

Tunneling and Thermionic-Field Emission (TFE) model
Recombination in the depletion region

Image-force lowering of SBH

Measurement of SBH

I-V characteristics

C-V measurements

Review on SBH models

Ideality factor and zero-bias barrier height
T, effect

Gaussian distribution

Potential Fluctuation model

Flat-band barrier height

Modified Richardson plot

Relationships between different models

Barrier inhomogeneity in Schottky devices

Introduction
Parallel diode model
Tung’s model

Multi Gaussian distribution model

CHAPTER 3 DEEP LEVELS DETECTION

3.1

3.2
3.2.1
3.2.2
3.2.3
3.24

Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon

Overview

Electron capture-emission mechanism

Capture
Emission
Steady state capture-emission

Transient

17

19
19
20
20
21
22
23

25
25
26

27
27
27
28
28
29
29
29

32
32
32
33
35

36

37

38
38
39
39
41

XX

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



Table of contents

3.2.5 Limitation on trap detection 42
3.3 DLTS Principle 44
3.3.1 Basic DLTS principle 44
3.3.2  Fourier transform and DLTFS 46
3.3.3 HERADLTS 48
3.4 Category of DLTS 50
3.4.1 DLTS transient modes 50
3.4.2 Isothermal DLTS 52
3.4.3 Other DLTS 54
CHAPTER 4 EXPERIMENTAL STUDY ON SIC SBD 57
4.1 Sample used in this study 58
4.1.1 Overview 58
4.1.2 Preliminary statistics 59
4.2 Measurements setup 61
4.2.1 Hardware setup 61
4.2.2 1-V measurements 63
4.2.3 C-V measurements 63
4.2.4 DLTS measurement 63
43 Experimental results 66
4.3.1 Case study: Ti/W liftoff sample 66
4.3.2 Research on diode with multi-barriers 72
4.3.3 Comparison on samples with different metal contacts 81

CHAPTER 5 CHARACTERIZATION ON OTHER SAMPLES AND

DISCUSSION 88
5.1 PiN diode 89
5.1.1 Sample overview 89
5.1.2  Experiment setup 89
5.1.3  Static Characterization 89
5.1.4 DLTS characterization 91
Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon XXI

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



Table of contents

5.2 MOSFET 98
5.2.1 Introduction 98
5.2.2 Experiments setup 98
5.2.3 Experimental results 99
5.2.4 Discussion 104

5.3 Discussion 106
5.3.1 Freeze-out effect 106
5.3.2 Relationship between activation energy and capture cross section of certain
defect level. 107
5.3.3 Annealing effect during DLTS 111
5.3.4 Negative-U center 113
5.3.5 Behavior at extremely low temperature 117

CHAPTER 6 CONCLUSION AND PROSPECTIVE 127

6.1 Conclusion 128

6.2 Perspective 130

REFERENCE 131

Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon XXII

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



Introduction

Benoit Rossignol / Thése en biochimie / 1996 / Institut national des sciences appliquées de Lyon

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



Introduction

Silicon carbide, as one of the well-known potential substitute materials of silicon in
power electrics, has been attracting attention due to its high temperature, high power, and
high frequency applications. The mature on large size of SiC wafer as well as cutting pro-
cess bring hope to the commercial massive production, which in turn speeds up the re-
search on SiC as the material of new generation.

Reliability is another vital issue throughout the practical application of power devices,
and its importance has becoming more and more prominent. As a consequence, studying
the failure mechanism and maintaining high performance of devices especially under harsh
environment such as space application have turned into a significant branch of power elec-
trics.

The crystal models are widely studied as a fundamental basis in semiconductor re-
search. However, it is never possible to find perfect crystal in nature. As all materials are
tangible with finite volume, the periodical array of atoms will be destroyed at the boundary
which leads to large friction of broken bonds near material surface. In addition, other
things such as impurities or stress that occur during the growth or formation of the crystal
can contribute to the departure from the perfect crystal as well. Furthermore, the process of
device fabrication (cutting, polishing, doping, etching etc.) will also introduce the defect in
the semiconductor crystal with no doubt. Defects can not only result in degradation on per-
formance of power semiconductor devices, but could also lead to the destruction under
certain circumstances. On top of that, the impact on those optical devices such as LED
chips due to defects should not be ignored. Since those defects and the related trap levels
are inevitable, the improvements on the semiconductor process technology have never
stopped in order to get rid of the disadvantages as much as possible. On the other hand,
doping is one of the most widely used technologies for changing the conductivity by modi-
fying the free carrier concentration. Moreover, carrier life time has to be carefully con-
trolled in some bipolar devices though introduced trap levels as recombination centers.
Therefore, it is significant to make use of imperfect crystal and study the effects due to the
trap levels.

This work mainly focuses on the investigation of deep levels in the 4H-SiC power
devices, especially their influence on Schottky barrier height. The thesis is organized as
follows.

Chapter 1 gives a brief introduction on development of wide band gap SiC power de-
vices as well as the multi-barrier effect discovered in those Schottky barriers. Meanwhile,
the classification of defects is discussed and a review is given on those defects reported in
4H-SiC with DLTS measurement

Chapter 2 is an introduction of Schottky contact, including the basic structure, current
transportation mechanisms, determination and measurement of barrier height. A review on
different models related is given and their relationships are discussed as well as those
models on barrier height inhomogeneity.

Chapter 3 focuses on deep levels detection, especially on behalf of DLTS measure-
ment. After a review on basic theory of capture, emission and transient due to trap levels,
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Introduction

DLTS principle is mainly introduced as well as either different category of DLTS or their
optimizations.

Chapter 4 is dedicated to the experimental results on SiC Schottky diodes with either
static measurements (I-V and C-V) or DLTS test within wide temperature range. Follow-
ing a typical case study of Ti/YW SBD, the comparison on both single/multi barrier diodes
and SBDs with different metal contact is presented. Furthermore, the evolution of barrier
height on Ti/W sputtering sample is discussed.

Chapter 5 provides the study on PiN diodes as well as the influence of irradiation on
MOSFETs. Some effects revealed during the experiments are discussed such as freeze-out
and annealing on high temperature. The behavior at extremely low temperature is explored
as well.

Chapter 6 is the conclusion and perspective.
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1.1 Background

1.1 Background

1.1.1 Development of modern power electronics and its
limitation

After invention of the first transistor fabricated with germanium in 1947, Ge had been
considered as the most useful material for semiconductor technology the following decade
until 1960s, when Silicon replaced germanium thanks to its superior thermal stability, reli-
able oxide and abundance [1]. From then on, the semiconductor industry has been entering
a golden, not only specifically in the evolution on integrated circuit which influences eve-
rywhere in our daily lives, but also in the various inventions of power devices such as PiN
diode, Vertical Diffused Metal Oxide Semiconductor Field Effect Transistor (VDMOS),
Insulated-Gate Bipolar Transistor (IGBT) and their derivatives.

Even though nowadays most of the commercial power semiconductor devices such as
VDMOSs or IGBTs are silicon-based, the performance of these Si devices is facing their
limitation in power applications owing to the material properties. As an example, the well-
known ‘silicon limit’ that describes the relationship for high power MOSFET between the
on-resistance R, and its breakdown voltage V, can be presented as: [2]

R, =5.93x107°V2® (1.1)

Therefore the R, will increase dramatically at high voltage application, which is al-
ways the problem when it comes to the unipolar device like Schottky diode. Even if this
drawback can be overcame by either bipolar device such as IGBT or special structure like
Super Junction, the storage of minority carriers in bipolar devices as well as the complicate
manufacturing process of novel structure should still be challenging. As a result, it is sig-
nificant to turn to those new generation after-silicon materials.

High voltage Electric Field =
operation (MV/cm)
5 —SiC
4 —GaN
Thermal
Energy gap (eV) Conductivity
(W/cm.°C)
\ High T°
applications
Electron velocity Melting point
(x107 cm/s) (x1000 °C)
s
B
High Frequency
switching

Figure 1.1. Comparison of material properties of Si, SiC and GaN [3].
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As shown in Figure 1.1, the breakthrough of wide bandgap semiconductor material
made by silicon carbide (SiC) and gallium nitride (CaN) brings hope for the development
of a new generation of power electronics thanks to their superior characteristics relate to
high power application compared to silicon. And these new generation materials have been
attracting more and more attentions in the power field.

1.1.2 Silicon carbide (SiC)

Silicon carbide, as was first discovered by Jons Jakob Berzelius in 1824 [4], is one of
the attractive semiconductors for high temperature, high power, and high frequency appli-
cation [5]. The commercial value of SiC has been discovered early days such as abrasive,
high-temperature ceramics and fireproofing thanks to its advantages in either hardness or
melting characteristics [6]. Soon it has emerged as the most mature of the wide-bandgap
semiconductors since the release of commercial 6H-SiC bulk substrates in 1991 and 4H-
SiC substrates in 1994 [7]. As is shown in Table 1.1, SiC is superior to Si especially for
power device application due to its large bandgap, high breakdown field and high thermal
conductivity. As a result, the SiC devices can benefit from higher blocking voltage, lower
on-resistance, reduced leakage current and higher operation temperature/frequency com-
pared to that made by Si. Therefore, silicon carbide is an ideal alternative to silicon for de-
vices over 10 kV, as shown in Figure 1.2. A great deal of SiC devices with ultra-high
breakdown voltage have been reported such as 15~20 kV 4H-SiC IGBTs [8] and 20 kV
4H-SiC gate turn-off thyristors [9].

Table 1.1. Main Physical Properties of 3C-, 6H-, 4H-SiC, and Si [10, 11].

Properties 3C-SiC ~ 6H-SiC  4H-SiC  Si
Energy gap: E,(eV) 2.4 3.0 3.2 1.12
Electron mobility: 4, (cm®/V;) 1000 500 1000 1350
Breakdown field: &, (V/cm)x10° 2 2.5 2.2 0.25
Thermal conductivity (W/cm°C) 5 5 5 1.5
Saturation drift velocity: v, (cm/s)x10" 2.5 2 2 1
Maximum operating temperature (°C) 1240 1240 1240 300

The crystal lattice of SiC is recognized as closely packed silicon-carbon bilayers (or
Si-C double layers), which can be regarded as the alternately arranged planar sheets of sil-
icon or carbon atoms. Due to the variation of stacking sequences, different polytypes can
be presented. Among over 150 polytypes found in SiC, however, only the 6H- and 4H-SiC
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1.1 Background

polytypes are commercially available in both bulk wafers and custom epitaxial layers. Be-
tween the two polytypes, 4H-SiC is preferred for power devices primarily because of its
high carrier mobility, particularly in c-axis direction and its low dopant ionization energy

[12].

PN
MOSFET Si
IGBT, GTO
SBD
< PiN g
MOSFET, JFET SiC

BJT

IGBT, GTO

100V 300V 600V 12kV 45kV 10kV 20 kV

A J

Rated Blocking Voltage (V)

Figure 1.2. Major territories of individual unipolar and bipolar power devices for
Si and SiC in terms of the rated blocking voltage [13].

Apart from those breakthroughs reported from the laboratories, as listed in Table 1.2,

lots of commercial SiC power devices are now available on thousand volt class with re-
duced on-resistance compared to Si devices. With the development on breakthrough of
SiC wafer fabrication and maturity of the process, SiC devices will continue to expend

their influences in power field.

Table 1.2. The maximum blocking voltage available for some commercial high pow-

er SiC devices and their fabricants. Information is updated to August 2018.

SiC device

Blocking voltage  Typical Fabricants

MOSFET 1.7kV Cree, GeneSiC, IXYS, Microsemi, Rohm
SBD 1.7kV Cree, Microsemi
Thyristors 6.5kV GeneSiC
IGBT 600 V IXYS
PiN Diode 15kV GeneSiC
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1.1.3 Schottky barrier diodes (SBD)

SiC p-n junctions could suffer a higher forward power loss compared to Si due to its
higher built-in voltage. However, this can be avoided by a Schottky structure [14]. Nowa-
days, the 4H-SiC Schottky-barrier diodes (SBDs) have already shown much attraction in
power systems because of their low conduction loss, fast switching speed and high operat-
ing temperature [15]. Junction Barrier Schottky (JBS) diode is another significant family
of SiC power devices which consist of an interconnected grid of p-type regions in the n-
type drift layer. As a result, JBS combine the advantages of both SBD and PiN diode and
are wildly used in various fields such as power supplies, aerospace power systems, high-
performance communication systems, and power conversion systems [16].

Both the electric and dielectric properties of the Schottky Barrier Diodes (SBDs) are
dependent on various factors. The most effective of them among interface states are the
impurity, the thickness and homogeneity of interfacial layer and barrier height (BH) at
M/S interface [17].

1.1.4 Multi-barrier in SBD

During the characterization of Shottky diodes in our laboratory, a double barrier phe-
nomenon has been discovered, which can be identified as abnormal high current under low
forward bias, as is shown in Figure 1.3. This has shown up not only among different met-
als such as Ni, Ti/W, Mo, but also in various metal processes like sputtering or lift-off.

10 T T T T —
109 ./ -

10 4 u .

10° 4

10 4 " .

Curent (A)

107 T - E
108 ] n 1

10° - 4

10*10

0.0 ' 05 ' 1.0
Voltage (V)

Figure 1.3. Double barrier phenomenon in Schottky diode.

Similar phenomenons have been reported, and it was highlighted that these ‘non-ideal’
diodes occurred regardless of growth technique, pre-deposition cleaning method, or con-
tact metal [18]. Moreover, this double barrier was found to be more common at lower
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temperature, as shown in Figure 1.4, which was explained by barrier height inhomogenei-

ties [19].
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10°F 8OK-380K 3
10" r step 20K 1
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Figure 1.4. Temperature dependence of forward I-V characteristics for 4H-SiC rec-
tifier reported in [19].

As widely reported, the multi-barrier phenomenon should have an origin in common,
and those invisible deep levels that can greatly influence the device performance are one of
the most possible contributions to this.

Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon 9

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



Chapter 1
Start of art

1.2 Reliability and Defects

Defects and impurities in semiconducting materials can result in poorer property such
as a carrier lifetime reduction [20]. Especially those deep level defects, which are close to
midgap, can be efficient recombination centers or carrier traps. Meanwhile, charged inter-
face traps directly affect the device performance by increasing the threshold voltage, de-
grading the channel mobility and causing leakage current for MOS applications [21]. On
the other hand, trap levels can be sometimes important for carrier lifetime adjustment as
well as in the application of LEDs. These deep level defects can not only be caused by ir-
radiation [22] or impurities such as Ti, V, Cr [23] but also be intrinsic defects introduced
by manufacturing process such as carbon vacancy (Vc) [24, 25]. Activation Energy (E, ),
capture cross section (o ) and defect concentration ( N, ) are all significant parameters for
deep level defects identification.

1.2.1 Classification of defects

1.2.11 Forms of defects

According to different forms in semiconductor, defects can be simply classified as
point defects and extended defects, while extended defects includes various of defect types
based on their dimension and characteristics, one example is listed in Table 1.3.

Table 1.3. Classification on defects in crystals.

Dimension Defect type Examples

Vacancies
] Interstitial defects
0 Point defects o
Substitutional defects

Frenkel defects

. Edge dislocations
1 Line defects ) )
Screw dislocations

Stacking faults
Twins

2 Planar defects . .
Grain boundaries

Surface defects

Precipitates (Cluster)
Voids

3 Volume defects
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Some common defects are explained as follows:

< Vacancies

A vacancy, one of the simplest point defect also known as a Schottky defect [26],
comes from the absence of an atom in the lattice [27], while the missing usually takes
place in pairs in those ionic crystals (e.g. the alkali halide crystals) to maintain charge bal-
ance [28]. Irradiation is regarded as a common way to introduce vacancies by using vari-
ous particles (electrons, protons, neutron or even He ") with wide energy range [29-32], and
part of them can be annealed at high temperature [33-35]. On the other hand, secondary
defects can be produced after annealing at 400 C [35] and the agglomeration of defects to
larger vacancy complexes has been reported as well [36, 37].

«» Substitutional defects

Substitutional defects stand for the replacement of original atom by an impurity such
as the doping process of semiconductor that usually contributes to introducing shallow
levels in the bandgap. This normally refers to those atoms of either original ones or impu-
rities that have the comparable size (e.g. N or Al in SiC or Si), otherwise the interstitial de-
fects will be formed.

«» Interstitial and Frenkel defects

If the gap of lattice is occupied where no atom should exist, this type of defect is
known as interstitial. Another possibility is the share of one lattice site by two or more at-
oms. Frenkel defects can be regarded as the combination of both an interstitial atom and
related vacancies caused by lattice atoms.

«» Dislocations

As a common example of extended defects, dislocation stands for the bending of at-
om planes surrounding due to the termination of the atom plane in the crystal. It was first
put forward by Volterra in 1970 [38], and can be classified as screw dislocation or edge
dislocation according to different types. By studying the dislocations parallel to the
Schottky contact, FIGIELS has discussed that the kinetics of electron emission from dislo-
cation will be drastically modified due to the configuration entropy. As a consequence, the
Deep Level Transient Spectroscopy (DLTS) transients no longer follow the exponential
law and results in the broadening of DLTS signal [39].

% Stacking faults

Stacking faults refer to the locally changed stacking order of atom layer(s) in the
structure. For example, instead of the typical stacking sequence ABCABCABC of face-
centered cubic (fcc) structure, the structure with stacking fault may be ABCABABCAB.
Furthermore, the correlation between stacking faults and double barrier phenomenon has
been reported [40].

«» Surface defects
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Surface defect is another significant category of defect. Generally speaking, surface
defects do not refer to the specific defect type as discussed before, but focus on the posi-
tion where large fraction of dialing bond occur and the periodic of lattice is destroyed. As
a result, the carrier lifetime, mobility etc. can be affected near the surface. In addition, sim-
ilar defects can lie in the interface between semiconductor and metal/oxide and is recog-
nized as interface states, which can be the decisive factor of Schottky barrier height under
certain circumstance instead of the metal type.

1.2.12 Shallow and deep levels

Apart from the classification of defects according to their forms or crystal condition,
defects can also be classified as shallow or deep defects based on the location of their en-
ergy levels in the bandgap of the semiconductor. A defect level is regarded as shallow lev-
el if its energy level is located near the band edges (conduction or valence band) of the
semiconductor. One of the most common shallow levels is those impurities introduced by
doping, which directly modifies the electrical properties (conductivity, carrier mobility etc.)
of the semiconductors. In addition to impurities that usually take place as substitutions, the
interstitial atoms that contribute to shallow levels have been reported as well [41, 42].

On the other hand, generally the deep levels have less contribution to conduction
compared with the shallow levels of dopants due to their relatively low concentration and
large activation energy. However, these deep levels can play an important role in the re-
combination process and are regarded as a significant limitation on carrier lifetime espe-
cially when the energy levels lie near the middle of the bandgap. As one of the applica-
tions, it is possible to release the carrier storage effect by limiting carrier life time with the
help of recombination center introduced by Au impurities in silicon devices, since Au is
known as a lifetime killer in silicon [43].

1.2.2 Defects reported in SiC devices

Since 1990s, a great deal of researches about deep level defects in SiC has been done
with the help of DLTS or other investigation methods. The donor deep levels with almost
full range of activation energy have been reported, as is shown in Figure 1.5. Obviously,
these deep levels focus on activation energy from 0.1 eV to 0.9 eV, including the well-
known Z,,, defect with E, around 0.68 eV.

Various of impurity defects have been investigated by means of doping or implanta-
tion [44, 45], part of them found in 4H-SiC are illustrated in Table 1.4. Other impurity de-
fects such as O and Er have been reported in 6H-SiC [46, 47].

Recently, more attention has been payed on characteristic of deep level defects and its
relation to device properties. Danno and Kimoto have pointed out the similarity between
Z,,, and EHg; (with E, around 1.6 eV) due to the fact that the concentration of Z,, and
EHg/; have the same trend regardless of As-growth, irradiation or annealing. They believe
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both centers contain the same defect such as a carbon vacancy [48]. As the two dominant
electron traps, Z;, and EHg/; could both survive after high temperature annealing at 1700 “C
[49]. However, Klein argued that Z,,, acted alone as the lifetime limiting defect [50]. By
comparing the concentration of carbon vacancy (V¢) determined by electron paramagnetic
resonance with that of Z,,, defect obtained by C-V and DLTS, Kawahara argued that the
71, originates from V¢ [51], similar conclusion has been drawn in [52].
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Figure 1.5. Number of articles which report defects with certain activation energy

(E.—E, ) in 4H-SiC.

Meanwhile, several effects have been put forward as

@,
0’0

Poole-Frenkel Effect: The strong electric field close to the metal-semiconductor
interface enhances the emission rate by lowering the potential barrier over which
the carrier is thermally emitted. Therefore, increased applied electric field should
lead to lower activation energy [53].

Carrier Freeze-out Effect: Strong compensation of the dopant and the high con-
centration of radiation-induced defects takes place at low temperature [54].
Lambda Effect (4 Effect): When measuring the deep levels in semiconductor
diodes, the transition zone near the edge of the space charge region (SCR) owing
to the extended Debye tail of free carriers from the neutral material should be
taken into consideration. Particularly, this width of correction A should be fur-
ther modified in non-steady state [55].

In addition, certain traps are invisible to the measurements that should be paid atten-
tion as well. In particular, in the certain region near surface, electrons are not captured by
the traps during the filling pulse. Whereas near the opposite edge of a depletion layer, elec-
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trons in the deep level located below the Fermi level even when the reverse bias is applied

can be always trapped without emission [56].

On the other hand, the correlation between the observation of the two barrier height
behavior in the [-V characteristics and traps measured from DLTS and Random Telegraph
Signal (RTS) dates back to year 2002 [57]. It was pointed out that the [-V characteristics
tended to degrade with increasing deep-level concentration and those inhomogeneous di-
odes tended to contain defect clusters, which can lead to a local Fermi-level pinning [18].
Gelczuk also argued that traps partially are responsible for the observed barrier height in-
homogeneities [19].

Table 1.4. Several defects reported in 4H-SiC.

Defects | E,=E.—E; (eV) | o (cm*) | N; (cm?®) Reference
0.13 7x10" | 3.66x 10"
Ti [45, 58, 59]
0.17 1x10" | 1.17x 10"
0.15 2x10" | 1.4x10"
Cr 0.18 8x 10" | 1.3x10" | [45, 58, 60-62]
0.74 2x10" \
0.80 1.79x 10" | 3x 10" [63]
\% 0.89 \ <1x10" [62]
0.97 6x 107" \ [45, 58, 59]
Fe 0.39 2x 10" | 7.6x10" [64]
Ta 0.68 8x 10" \ [65]
0.56 5x 10" \ [56]
0.62 \ 1.2x10" [49, 62]
Intrinsic 0.66 1.31x10™ \ [50, 66-68]
0.68 7x 107" 1x10" [69-71]
0.72 2x10™ | 9.5x10" [48]
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Barrier height determination of Schottky diodes

2.1 Energy band diagram and
formation of Schottky barrier diode

2.1.1 1Ideal Schottky contact

(a):_ T@‘? . (b) _r:/

d)

—__ ]
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—————————
/
—— -
o
—_

N 7 N

Figure 2.1. Formation of an ideal Schottky barrier between a metal and an n-type

semiconductor (a) neutral and isolated, (b) electrically connected by a wire, (c)
separated by a narrow gap, (d) in perfect contact. Cross and circle marks in (b) de-
note donor ion and electron in conduction band respectively.

Consider an n-type semiconductor with a work function @, less than that of the met-
al @, as shown in Figure 2.1(a). In this case, electrons will transfer from semiconductor
to metal if they are connected by using a wire, and eventually the Fermi level in both metal
and semiconductor would be consistent with uncompensated donor charge left near inter-
face which leads to band bending and formation of a depletion layer as shown in Figure
2.1(b). Since the electron affinity of semiconductor y, does not change, the difference of
work function between metal and semiconductor falls on the voltage drop V, between
them, as presented by V, =& if we assume the electric field & between two materials
keeps constant, and the depletion layer near interface. As a result, the band bending be-
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2.1 Energy band diagram and formation of Schottky barrier diode

comes stronger with larger depletion region if the separation § reduces which leads to re-
duction on V,, as illustrated in Figure 2.1(c). When they finally keep in touch [Figure
2.1(d)], the barrier owing to the vacuum no longer exists and it contributes to the ideal
Schottky contact. In this case, the Schottky barrier height relates to the Fermi level is given

by

cI)B :cDm_Zs (2.1)

In order to obtain Eq. (2.1) namely Schottky-Mott limit, a series of assumptions have
been made:

® The surface dipole contributions to @, and y, does not change or at least their

difference does not change when the metal and semiconductor keep in touch.

® No localized states exist on the semiconductor surface.

® The contact between the metal and semiconductor is perfect.

Similar analysis could be done with Schottky contact on p-type semiconductor where
@, <®,, while ®© , <®, with n-type semiconductor or @, >, with p-type semiconduc-
tor result in ohmic contact without rectifying effect. In this thesis we focus only on the n-
type Schottky contact.

2.1.2 The effect of interface states

According to Eq. (2.1), the barrier height should directly depend on the metal work
function @, or in other words, the type of the metal. However, it has been experimentally
found that the @, is less sensitive to ®_ as indicated by Eq. (2.1), and under certain cir-
cumstances it could be almost independent of the metal type. This is because that the ideal
situation illustrated in Figure 2.1(d) is never reached in real case. Even though the metal-
semiconductor is well fabricated, a thin insulating film still exists at the interface due to
the surface oxidation layer (~10 to 20 A) on the side of semiconductor, which results in
the case more closed to that shown in Figure 2.1(c).

N
«— Insulating film

metal semiconductor

k

A\ 7

Figure 2.2. Metal-semiconductor contact with interface states.
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In order to explain this weak dependence on @, , the effect due to surface state has
been put forward by Bardeen [72]. As shown in Figure 2.2, a thin insulating layer with a
continuous distribution of interface states is assumed between the metal and semiconduc-
tor. The interface states are characterized by a neutral level ¢, and the ‘absolute-zero’ ap-
proximation on Fermi level is purposed, namely all energy levels above the Fermi level are
empty while those levels below the Fermi level are occupied. In this case, if ¢, is above
the Fermi level (Figure 2.2), a net positive charge Q. shows up at the interface than the
neutral condition (or without interface states). In this case, instead of the relation under
ideal circumstance that Q. +Q, =0, where Q, is the negative charge on the surface of
metal and Q, represents those positive charge due to the uncompensated donors in the
semiconductor, the interface charge should also take into consideration which results in
Q,+Q,+Q, =0.

Now consider the case shown in Figure 2.2 where ¢, lies above the Fermi level. Ow-
ing to the existence of Q, Q, should be smaller than where interface states were absent,
which leads to the reduction of the depletion region width w. Since the barrier height @,
equals to the sum of band bending V,, and & [Figure 2.1(d)], ®, would be reduced com-
pared to the ideal case. This reduction on ®; will in turn reduce the positive charge in the
interface states by pushing the ¢, towards the Fermi level. This functions as a negative-
feedback loop which forces to reduce the difference between the Fermi level and ¢,. Even-
tually, if the interface states density is large enough, the Fermi level will be pinned to ¢,
and the barrier height will be expressed as

q)B ~ Eg _¢O (22)

This is the so-called Bardeen limit. On the other hand, with similar analysis, the re-
sults would be somewhat the same if ¢, is below E_ at the initial state. Now trying to fo-
cus on the interface states with a limited density, that is more approach to the real case.
With the help of the flat-band analysis, the barrier height on flat-band condition ®. (un-
der certain bias) could be expressed as [73]

Dy =y (P, — 1) +A=7)(E, — &) 2.3)

where
-G 24
7 e +qoD, @4

here ¢ =¢,¢, is the permittivity of the interfacial layer and D, the interface states
dentity.

It could be seen that if the density of interface states is small enough to be ignored, y
tend to be unit which leads to the ideal case. On the other hand, » approaches zero and the
barrier height is closed to the Barden limit with thick interfacial layer and large D

s .
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2.2 Current transport mechanisms though Schottky barrier

2.2 Current transport mechanisms
though Schottky barrier

2.2.1 Introduction

Figure 2.3. Main current transport processes in a forward-biased Schottky barrier.

If a Schottky contact is forward biased (the electric potential on the metal side is
higher than the semiconductor for the n-type case), electrons will flow though the Schottky
barrier which contributes to the diode current. If we ignore the hole injection that usually
takes place when the SBH is greater than half of the band gap and a high density of holes
appear near the interface of the semiconductor, three main current transport processes are
illustrated in Figure 2.3: [74]

(a) Electron emission over the top of the barrier;

(b) Tunneling through the barrier;

(c) Recombination in the space charge region;

Practically (a) takes charge of the main current transportation. In this process, elec-
trons are first transported from interior of the semiconductor to the interface under the
mechanisms of diffusion within the depletion region, and then emitted into the metal. By
contributing the limitation of current transportation to different processes discussed above,
two theories namely diffusion theory and thermionic-emission (TE) theory have been put
forward. Meanwhile, (b) often shows up at high bias condition with the help of strong
electric field or low temperature where carriers do not have enough energy to emit through
the barrier. On top of that, (c) could greatly influence the forward characteristics if there
are a huge number of recombination centers namely deep levels.
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2.2.2 The diffusion theory

According to the diffusion theory discussed by Wagner and Schottky, the electron
transportation within the depletion region should be the limiting factor [75, 76]. That is
usually the case when the width of the depletion region is large compared to the carrier
mean free path. As a result, the current density over the junction could be expressed based
on the carrier diffusion-drift:

J =nqu,E+qD, an (2.5)
dx

where n is the electron concentration in the n-type semiconductor, g, the carrier
mobility, D, the diffusion constant, £ the electric field over the barrier and g the magni-
tude of the charge on electron.

By assuming that only drift and diffusion in the depletion region contributes to the
entire current flow, the current density J on function of forward bias V could be deduced

as:
qv. _qPg
J = 2kT uNa’w(ek —1)e « (2.6)
or
_a%s Qv
J=qN & e ¥ (e —1) 2.7

where a=(g°N,/2skT)"? and &, =gNyw/e, =2kTa’w/q .

Even though Eq. (2.7) has the form closed to that of the ideal rectifier
J =J,[exp(qV /KT)-1], the &, arises with increase of the bias voltage and is proportional
to (V,, —V)*?, which results in the growth of saturation current under increasing reverse
bias.

2.2.3 The thermionic-emission (TE) theory

Unlike in the diffusion theory, the transportation of electrons over the interface of
metal-semiconductor is considered as the current-limiting process in the TE theory. In oth-
er words, it is assumed that the quasi-Fermi level for electrons keeps constant throughout
the depletion region and the electron mobility on the semiconductor side near interface is
infinite and thus the effects of drift & diffusion in the depletion region could be neglected.
This condition could be reached if the mean free path | is large compared with w, or with
a much weaker condition for the validity that | only needs to exceed the distance d where
the barrier falls by a value of kT/q from its maximum as cited by Bethe [77].

By analyzing the tunneling process through the barrier with a probability p,, the cur-
rent density owing to the electrons passing from the semiconductor into the metal could be
expressed as:
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2.2 Current transport mechanisms though Schottky barrier

_q(®g-V)

3y = PNV o~ 238)
4

where V is the average thermal velocity of electrons in the semiconductor and with a
value of (8kT/zm")*? for a Maxwellian distribution.

By taking into consideration the reverse process namely electrons passing through the
barrier from metal to the semiconductor that is independent on the bias due to a constant
barrier height, the current density from metal to semiconductor J , could be deduced in
the same way and the total current density should be the sum of these two:

_qPg qv

J=J,-1J =Me?(eﬁ—1) (2.9)

sm ms
4

Being aware that N, =2(2zm’kT/h?)*?* and replacing p, by 1, which has been proved
by Baccarani [78] and Berz [79], the TE theory could be finally expressed as:

_qPg qv

J=AT% W (e 1) (2.10)
where
. 4zrmgk?
A :”h—aq @.11)

Compared with the Richardson constant A, A" namely effective Richardson constant
could be regarded as replacing the free-electron mass m by the effective mass m”, with a
value of

A =120(m"/m) A.cm?.K™ (2.12)

2.2.4 Tunneling and Thermionic-Field Emission (TFE) model

Thanks to the quantum-mechanical tunneling effect, it may be possible for an electron
passing through the barrier which is higher than its energy under certain circumstances. As
is known to all that tunneling probability strongly depends on the density of states and the
width of the potential barrier instead of barrier height, current transport mechanisms could
be greatly affected especially under low temperature and high electric field.

Apart from the thermal emission that dominates at high temperature as discussed be-
fore, if the semiconductor is heavily doped, electrons could still overcome the barrier at
low temperature with the help of tunneling, which is known as ‘field’” emission (FE).
Therefore, when the electric field becomes higher, the electron will not only directly emit
over the Schottky barrier as discussed in the TE model, but also tunnel though the barrier,
which could dominate the whole current under high bias (e.g. 8x10*V/cm for Au-GaAs or
4x10°V/cm for Au-Si [80]). This is the Thermionic-Field Emission (TFE) model. By as-
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suming that the current increases exponentially with surface field &, the current flow
could be expressed as [81]

7(1((1)8_0“55 ‘)

J — ATZe KT (213)

where a is an effective tunneling constant given by o =(kT/q)(dInJ/d&;).

2.2.5 Recombination in the depletion region

In addition to the emission process (either TE or FE), recombination sometimes plays
an important role in current transportation as well. According to the recombination process,
there are two types of recombination: (a) direct recombination that is due to the direct
transition of carriers between conduction band and valence band. and (b) indirect recom-
bination that functions with the help of localized states, which is also called Shockley-
Read-Hall (SRH) recombination [82, 83].

According to SRH theory of semiconductor, the recombination ratio U, with a single
trapping center could be denoted as

U = O-panvthNt(np _niz)

r

- E — 2.14
gy (= yorvonyen CE YR

where E, is the energy level of localized state, N, its concentration, v, the thermal
velocity of carrier, o, and o, the capture cross section of holes and electrons.

It is clear that those defect centers with the energy levels near the middle of forbidden
band (namely deep levels) can be the most effective combination centers. As a result, the
recombination may become the major mechanism under low forward bias where a consid-
erable width of depletion region remains if those effective trapping centers participate in.
The current J, due to recombination through a Schottky barrier is:

v _av

J, = Jroeﬁ(l—e E) (2.15)

where J,, =qnw/2z, , and 7, is the lifetime within the depletion region which strong-
ly depend on the combination center as illustrated in (2.15).

This recombination current has the similar form as discussed in TE theory unless
there is a factor of 2 in the denominator of the main exponential term. Taking into consid-
eration of current owing to both emission and recombination, the total current density is

given by:
v v _av
_ _ KT ATV _p KT (2.16)
_‘]te +Jr _(‘]toe +‘]roe )(1 e )
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2.2 Current transport mechanisms though Schottky barrier

On top of that, it has been uncovered that carrier lifetime could greatly depend on the
shape of the sample and its surface states, which due to the accelerated recombination pro-
cess at the surface because of those surface states and defects. This indicates that the re-
combination owing to the interface states of the Schottky contact could also have a big im-
pact on I-V characteristic.

2.2.6 Image-force lowering of SBH

E
X
- X
T | ——_————— T = ="
AD, i< ~
! Tt~
7 N Image potential energy
(O ,
(I)E
B Resultant barrier
m
EF

Figure 2.4. Image-force lowing of SBH.

Image-force lowering or in other words, Schottky barrier lowering describes the phe-
nomenon that the SBH will be reduced due to the image force when the carrier transfers
from the semiconductor to the metal under forward bias.

In order to analyze the image force, we first consider a metal-vacuum system. When
an electron is presented in front of the metal with a distance of x, the induced electric
field at the surface of metal could be regarded as if there were a positive charge of magni-
tude g located at the mirror-image of electron with respect to the metal surface. Therefore,
the force on the electron towards the metal is:

=— (2.17)
167zg,x

As a result, the reduction on Schottky barrier owing to the image force is its integra-
tion from infinite, and the potential of the barrier should be

2

E(X) = ——— —0& X (2.18)
167 X
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where &, is the electric field in the semiconductor and regarded constant with the
maximum value of that in the semiconductor. Here & is the permittivity of the semicon-
ductor under high frequency rather than the static permittivity since no enough time is
permitted for the semiconductor to become fully polarized by the electric field, as is indi-
cated by Sze [84].

As shown in Figure 2.4, by calculating the position x, where the maximum value of
potential height is reached, the reduction on effective Schottky barrier height compared to
that without image force in reduced as

3
AD, = [Jomec (2.19)

4re!

Image-force lowering is one of the important factors that drive the I-V characteristic
of Schottky diode away from the ideal case. However, it is significant to be aware of the
basic precondition that electrons should transfer into the metal through the barrier. In other
words, image-force lowering should be taken into consideration only in the [-V case. On
the other hand, the C-V test without carrier transportation over the barrier should not be af-
fected by the image-force lowering.
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2.3 Measurement of SBH

As discussed above, the SBH not only depends on the type of metal/semiconductor
along with its doping concentration, but is also influenced by the interface states. There-
fore it is more practical to determine the SBH with experimental measurements. A number
of methods are developed in order to measure the barrier height, for example:

® forward current-voltage characteristics

® reverse capacitance-voltage measurements

® photoelectric measurements

® photoelectron emission spectroscopy

Thanks to the easy setup and convenient to analyze, I-V and C-V characteristics are
widely adopted for SBH determination, which will be mainly introduced in this section.

2.3.1 1I-V characteristics

Based on the discussion on current transport mechanisms, the true behavior in practi-
cal seems to lie somewhere between the TE theory and the diffusion theory if we ignore
the low temperature or high electric field conditions. However, normally the TE theory is
more suitable to forecast the [-V characteristics on those well fabricated diodes based on
high mobility semiconductors [74]. According to TE theory, if the forward bias is low
enough that the voltage drops on the series resistance could be ignored, the forward current

is given by:
v
I =1]e -1 (2.20)
where | is the saturation current that is
_4Pg
1, —SAT2% K (2.21)

where S is the effective surface of Schottky diode.

Since transportation of carriers takes place under forward bias, image-force lowering
should be taken into consideration. Therefore, instead of real barrier height @, it should
be replace by the effective barrier height ®% here as shown in Figure 2.4, which is given
by @ =, —AD,. However, as though the target is to measure the barrier height from
experimental method, it makes no sense to separate these two concepts and as a result, on-
ly @, will be used for discussion in the following sections.

According to Eq. (2.20), if the forward bias is large enough that gV > kT while the
series resistance could still be neglected, the plot In(I)-V should be linear with a slope
equals to q/kT and the ordinate at the origin gives the saturation current |, and as a result,
®, could be calculated if A" is known. However, A" could not always be a known pa-
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rameter. To determine the effective Richardson constant A", the Richardson plot is com-
monly used in practical case. Based on Eq. (2.21), In(l5/T?) vs. /T should be linear with a
slope related to the barrier height and an ordinate originally bound to A".

2.3.2 C-V measurements

If the Schottky diode is nearly ideal where the effect due to the minority carriers can
be neglected and a uniform donor concentration is presented in the semiconductor as as-
sumed in the TE model, the electric field at the interface is due to only the uncompensated
donors. Thus the differential capacitance under reverse bias is linked to the width of the
space charge region w and doping concentration N, —N, as

C== (2.22)
W
2¢
W= |— 5 (V —Vr (2.23)
q(ND_NA)( I )

where ¢, is the dielectric constant of semiconductor and V, is the reverse bias.
Since the uniform doping concentration is assumed, the function of 1/C? = f V,)
ought to be a straight line, where the intersection with x-axis V, gives the barrier height

@, as [85]:
KT
®, =V, +—+(E. —E;) (2.24)
q
At the same time, doping concentration could also be extracted base on the slope:
N N, = 2 (2.25)
> % ge,S?[slope| '

Since no mechanism of carrier transportation over the barrier takes charge during C-
V characterization, the effect of image-force lowing should be wiped out. Therefore the
SBH obtained from C-V should always higher than that from I-V on the same Schottky
contact in the ideal case.
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2.4 Review on SBH models

2.4.1 Ideality factor and zero-bias barrier height

Generally speaking, the slope of log(I)-V plot discussed in 2.3.1 could never be found
unit due to the dependence of SBH on bias as well as the effect of image-force lowering.
Considering the bias dependence of barrier height as linear, such that @, =®,,+V ,
where @, is the barrier height at zero bias and y(=0®,/0V) is positive, Eq. (2.20) can

be modified to
av. —av.
| =1 [1—e KT J (2.26)
with the saturation current |, as
—qd
| =SAT% ¥ (227)
S

Here n=1/(1-y) is called the ideality factor of the diode [86].

Based on Eq. (2.26) and Eq. (2.27), if the series resistance is small enough to be ig-
nored, the relationship between log(l) and V should be linear. Therefore, either ideality
factor or zero bias barrier height can be deduced via direct I-V plot.

On consideration of the effect of a thin interfacial layer as well as the effect of image
force and surface charges on the barrier height, that also manifests at 0 V and results in
n =1, Hackam and Harrop [87] have proposed that it is necessary to involve ideality factor
n into the expression of saturation current I, , and Eq. (2.27) is amended as follows:

—qPg,

|, =SAT% ™

(2.28)

2.4.2 T, effect

In order to precisely fit the experimental I-V characteristics of Schottky diodes, where
a variation of n with temperature is observed, Padovani and Sumner [88] have suggested
replacing T by T +T, in the thermos-ionic emission model, therefore Eq. (2.20) becomes
(neglecting series resistance):

4%go Qv
24 K(T+T, K (T+T,
| =SAT?% KT*0)] gkT+h) _1 (2.29)
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where T, neither depends on temperature nor voltage over a wide temperature range.
Therefore, this relation amounts to introducing an ideality factor in the two exponential
terms:

n=1+l0 (230)
T

2.4.3 Gaussian distribution

To explain the difference between SBH measured by I-V and C-V over the range of
measurement temperatures, Song et al. [89] assumed that barrier height is normally dis-
tributed with a probability density:

_‘55—‘1)3

g 2% (2.31)

1
o N2

where @, is the average of SBH and o is its standard deviation.
In this case, the SBH can be expressed as:

P((DB) =

2

— O

o, =P, -
P 2kT/q

Practically, the SBH at 0 V @, can be calculated at each temperature based on Eq.
(2.28) if we know the value of A". Thus Eq. (2.32) is usually modified to:

(2.32)

2
= o
- S0
D, =

(I) _
0 2kT/q

where oy, is the standard deviation of @, at 0 V. Therefore it is possible to extract
®,, and o, by plotting ®,, vs. q/2kT .

(2.33)

2.4.4 Potential Fluctuation model

This model was developed by Werner and Guttler [90] to explain the temperature de-
pendence of the ideality factor. The barrier height is assumed to be normally distributed,
but the mean and standard deviation are assumed to vary linearly with voltage as

D, =Dy, + oV (2.34)
and
2 _ o2 2.35
05 =05, + PNV (2.35)
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to explain the temperature dependence of the ideality factor. We can then show that
the ideality factor can be expressed in the form:

1 qp
T l=—p, + L8 (2.36)
n P2t o

The valus of p, and p, can be obtained from the slope and the ordinate at the origin
onthe n—1 vs. q/2kT plot.

2.4.5 Flat-band barrier height

Since the barrier height depends on the electrical voltage, i.e. in fact on the electric
field, Wagner et al. [91] proposed to define the barrier height in flat bands (under zero
field) @,
applied voltage and given by:

which would be a more fundamental magnitude because independent of the

Dy :n(DBO—(n—l)k—Tln% (2.37)
q

D

2.4.6 Modified Richardson plot

As is discussed, to determine the effective Richardson constant A", the Richardson
plot is commonly used and the plot on In(lg/T?) vs. /T should be linear based on Eq.
(2.21). However, owing to the deviation from linear region on traditional Richardson plot,
the so-called modified Richardson (MR) plot is adopted as In(l; /T?) vs. 1/nT based on Eq.
(2.28) [87]. Meanwhile, other types of MR plot have also been put forward according to
model of Gaussian distribution as In(lg/T?)—g’cZ,/2K*T?vs.q/KT [92] and on the basis of
flat-band barrier height as In(ls/T?)+(@1-1/n)In(N. /N, ) vs. /nT [93]. These could help
us to determine A" and the relative SBH (®,,, @, or @y ).

On top of that, adjustment of modified Richardson plot has been put forward by
BHUIYAN et.al. [94] as n(T)log(I1,ST?)vs.1/T by considering the linear change of SBH
due to temperature.

2.4.7 Relationships between different models

< T, Effect

Even though a number of well fitted T, on Au/GaAs, Cr/Si and Cu/Si have been re-
ported, it was pointed out by Werner and Giittler that Eq. (2.29) could not be generally val-
id for n prediction, especially on high temperature [90]. Meanwhile, they explained the T,
effect as follows:

According to Eq. (2.36), one obtains that
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1
n= (2.38)
1-p, +P3/(2kT/Q)
In case of —p, + p,/(2kT/q) <1, Eq. (2.38) can be expressed as
Ps
n=l+p ———— 2.39

Consider that in most cases it exists that p, < p,/(2KT/q) <1, and as a result, a sec-
ond approximation could be drawn as

n~1-—*% sl+E (2.40)
2kT/q T
Compare Eq. (2.40) with Eq. (2.30), it is clear that
Ps (2.41)

T ~—t3

° 2/q

which reveals the relationship between T, and the Gaussian barrier distribution nar-
rowing coefficient p, upon the application of a bias voltage.

% Modified Richardson plot

7

If we introduce T, effect as a well approximation among wide temperature range to
the expression of the flat-band barrier height, Eq. (2.37) could be approximated by
KT, N
—L2 -~ (2.42)
D

CDBF = n(DBO -

As the determined T, is small (~ 100 K) in our case, and as a result, the second item
in Eq. (2.42) could normally be neglected compared to the first one. Therefore the @,
can be simply degenerated as

Dy = ND,, (2.43)

This could explain the conventional MR plot based on Eq. (2.28), which extracts the
value of SBH approach to the @, . However, as the negative item is neglected when using
the approximation Eq. (2.43), the A" obtained from the conventional MR plot is always
larger than that from MR plot according to flat-band barrier height. Meanwhile, at high
temperature where ideality factor is usually approach unity, the value of @, is closed to
@, . As a result, the Richardson plot keeps linear at high temperature region even though
the A" extract is much smaller. Examples will be shown and discussed in the experimental
results in section 4.3.

¢ Gaussian distribution model and potential fluctuation model
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According to Eq. (2.43), if we replace ®,, by @, /n in Eq.(2.33), the relation be-
tween the ideality factor and the parameters of the Gaussian distribution can be revealed in

the form:
1 &)BO — Dy _ qo'szo (2.44)

1=
n D, 2KT D

Comparing with Eq.(2.36), it can be shown that:

O, -D
0, = BIZD BO
BF

2 (2.45)

D, =— Oso

3
Dy
or

q_)Bo = (l_pz)'cDBF (2.46)

2 _
5o =—P5 D

This highlights the links between the Gaussian distribution model and the potential
fluctuation model. Our results that will be given in Chapter 4 fit well with this relation on
either single barrier diodes or those diodes with multi-barrier.
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2.5 Barrier inhomogeneity in Schottky
devices

2.5.1 Introduction

Various non-ideal behaviors are frequently observed in Ti, Ni, and Pt-based 4H-SiC
Schottky barrier diodes as well as metal insulator semiconductor (MIS) GaAs Schottky di-
odes [95, 96], and these are widely recognized owing to the so-called barrier inhomogenei-
ty. As an intuitive feeling, the inhomogeneity of SBH should be able to analyze as individ-
ual area where the SBH is uniform within each region. This is known as the parallel diode
model. In addition, Tung’s model which explains also the pinch-off of low SBH region as
well as the Fermi level pinning and the multi Gaussian distribution of barrier height is
widely recognized and discussed.

Based on determining the nature and energy levels of the defects with EBIC and
DLTS, Ewing et al. suggested that the low-SBH are caused by defect clusters which local-
ly pin the Fermi level [18]. However, Bolen and Capano argued that single threading edge
and threading screw dislocations do not significantly affect the electrical characteristics of
4H-SiC SBDs based on the fact that no significant conglomeration of defects found clus-
tered together [97]. Furthermore, Dohyun Lee et al. reported the uniformity of Schottky
barrier height could be improved by post-oxidation annealing in nitric oxide ambient (NO
POA) [98].

2.5.2 Parallel diode model

By assuming that the Schottky contact consists of a series of ideal regions with indi-
vidual constant barrier height @, ; and corresponding effective area given by the fraction
of total contact surface S, =S/a,, the total current though this Schottky contact under for-
ward bias V is given by the sum of current from each individual area based on TE model:

qq)Bnl qV
| ~Zs AT?% K en (247)

i=1

where m is the number of parallel diodes (i.e. individual homogeneous SBH regions).
By introducing the lowest barrier height ®, , among those regions, Brezeanu et. al. pro-

vided the expression of conventional barrier height @, ;

gAD
~ A7 7 Bn,i
D, . =D In — exp (2.48)
Bn,T Bn,l
i a KT
and its limit on temperature [99]:
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.IriLTg(DBn,T = (I)Bn,l (2.49)
m .

limo, . =) =2 (2.50)
Towx Bn,T ; ai

This indicates that the limit of SBH measured at low temperature is determined by the
parallel path with the lowest SBH, while that should be the weighted average based on
their effective areas if the temperature is high enough. And this high temperature limit
should be exactly the mean barrier height @, described in the Gaussian distribution model.

However, J. L. Freeouf et. al. have reported that the low barrier region will be more
effectively “pinched off” by large area with higher SBH. (i.e. Even though the ratio for
high SBH and low SBH keeps constant, the overall barrier height and ideality factor will
shift towards the value on larger surface area with higher SBH.) Only those areas with lin-
ear dimensions larger than Debye length of the substrate could be treated as separate paral-
lel diodes [100]. This “pinch-off” effect has been discussed in various bibliographies [89].
And the barrier height determined by C-V measurement is dominated by the phase with
larger contact area [89].

2.5.3 Tung’s model

Early in 1992, Tung highlighted that leakage, edge-related currents, greater-than-
unity ideality factors, T, and other dependences of the ideality factor on temperature, soft
reverse characteristics, and the dependence of the SBH on the measurement technique are
all natural results of SBH inhomogeneity, which could be explained by model containing
low-SBH regions shown in Figure 2.5. The localized low barrier height patches were later
strongly suggested though electron beam induced current (EBIC) [95]. Meanwhile, the
phenomenon that conduction-band minimum (CBM) potential pinch-off in the low-SBH
region was illustratred in [101]. However, Im et al. argued that Tung model can account
for highly nonideal behavior only by assuming an unphysical patch distribution in which
the excess current is dominated by a few patches in the extreme tail of the patch distribu-
tion, and suggested that all the diodes contain a broad ‘intrinsic’’ distribution of shallow
patches, while the large excess current in highly nonideal diodes is due to a few large de-
fects of extrinsic origin [102].

Sabih Uddin Omar et al. pointed out that Tung model is applicable for SiC Schottky
diodes with ideality factor n < 1.2, and indicated the presence of high-density of electron
traps at the Schottky interface with a uniform distribution across the wafer which can ex-
plain the hysteresis and the associated Schottky nonideality [40]. Apart from [18, 19] men-
tioned before, S. Tumakha et al. also suggested that SiC defect levels can account for the
maximum range of barrier heights [103].
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Figure 2.5. (a) Schematic of the Tung model. A random distribution of circular
patches of size R, and barrier height ¢ —A in the otherwise homogeneous back-
ground of SBH ¢ . (b) A patch of size comparable to or smaller than the semicon-
ductor Debye length gives rise to a potential saddle-point S beneath the patch cen-
ter O. (c) Potential profile along the interface normal (along O-S) for zero applied
bias Vv,, and for a reverse bias (V,<0). Reverse bias reduces the potential maximum
(i.e., an increased depth) near S. (d) Lateral profile of the potential maximum pro-
jected normally onto the MS interface. The dashed line is the exact potential, the
dash-dot line is Tung’s parabolic approximation, and the solid line is the truncated
paraboloid used to calculate the microscopic BHD. (e), Calculated probability den-
sity for a single low-barrier patch of strength y , with #™ =43 -D(y) and ™ =4

[102].
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2.5 Barrier inhomogeneity in Schottky devices

2.5.4 Multi Gaussian distribution model

Chand and Kumar argued that the abnormal decrease of zero-bias barrier height and
increase of ideality factor with decrease in temperature (T ) and nonlinearity in the activa-
tion energy plot can be attributed to barrier inhomogeneity by assuming a Gaussian distri-
bution of barrier heights at the silicide/silicon interface. Moreover, they suggested that the
use of a zero-bias barrier height versus inverse temperature plot is able to indicate the
presence of single/multiple distribution(s) of barrier heights and to determine the respec-
tive parameters [86]. As shown in Figure 2.6, two linear region can be distinguished and
the corresponding ®,, and o, can be extracted by linear fitting under different tempera-
ture zone, which indicates the existence of multi-SBH. The double Gaussian distribution
of the barrier heights was also verified at graphene/Si (GaAs) Schottky junctions [104],
Au/p-GaTe Schottky contact [105], Ru/Pt/n-GaN Schottky diodes [92], alloy FeCrNiC on
p-Si [106], and Hg contact on n-type silicon with <100> orientation [107].
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Figure 2.6. The barrier height obtained from I-V measurements as a function of in-
verse temperature in [86].
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3.1 Overview

3.1 Overview

Unlike doping in semiconductor, deep levels could hardly be detected directly with
simple I-V or C-V measurement. However, with the development of modern technology,
deep levels can be investigated thanks to the DLTS, Laplace Deep Level Transient Spec-
troscopy (LDLTS), PL (Photoluminescence), Low Temperature Photoluminescence
(LTPL), Deep Level Optical Spectroscopy (DLOS) Optical Absorption (OA), and Hall Ef-
fect [46, 53, 108, 109]. In addition to conventional DLTS, alternative improvement such as
Double Correlation Deep Level Transient Spectroscopy (DDLTS) [110, 111] and Con-
stant-Capacitance Deep Level Transient Spectroscopy (CCDLTS) [112] were also report-
ed.

Shortcomings of early used defect detection methods such as photocapacitance and
admittance spectroscopy are remarkable. For example, even though benefiting from high
sensitivity, photocapacitance is less practical due to complex data collection and analysis
in order to obtain the accurate parameters of traps. Moreover, it is not applicable to those
traps with E, less than 0.3 eV. On the other hand, only majority carrier traps could be in-
vestigated by using admittance spectroscopy and its sensitivity will decrease for those
deeper traps with large activation energy [113].
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3.2 Electron capture-emission
mechanism

3.2.1 Capture

If the trap level is capable of electron accommodation, the capture will take place
when there are free carriers in the conduction band, or in other worlds when the Fermi lev-
el approaches the E., and the filled traps n;, during the capture process is:

(0 =Ny (e /%) 6.

where N; is the trap concentration and r, is the capture time constant with the ex-
pression as:

1
= 3.2)

c
Gnvth,nno

with o, the capture cross section for electrons, v, , the thermal velocity of eletrons
and n, the concentration of free carriers. The electron thermal velocity can be calculated
based on effective mass of electrons m” and Boltzman constant k at each temperature T
as:

A ﬂ 3.3)
' m
and n, is usually regarded as shallow doping concentration for the electron traps and
with the expression as:

_Ec—E¢

no — NCe kT (34)

where N, is the state density of conduction band that is:

3
27m'kT 2 (3.5)

Ne=2| =

with h the Planck constant.

As a consequence, the capture rate ¢, can be expressed as:

Cn = Gnvth,nno :]/Tc (3‘6)
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3.2 Electron capture-emission mechanism

3.2.2 Emission

As the opposite process, the electrons can also emit from the trap level to the conduc-
tion band, and the filled traps n,, during the emission process can be expressed as:

_t
N (t) = NTe %e (3.7)
with the emission time constant 7, as:

BB\t

oV X Nce K (3.8)

Te = n"th,n
where X, is the entropy factor.
The emission rate e, should be the reciprocal of the emission time constant:

e, =Y, (3.9)

By transforming Eq. (3.8), certain Arrhenius-equation exist:

):ﬁ%_m(xm) (3.10)

In( 7,V Ne
where the X, o, is the capture cross section extracted by the experiments, also called
sigma (o).

According to Eq. (3.10), if the emission time constant at different temperature can be
measured, the activation energy of trap level and its capture cross section can be deduced
from the Arrhenius plot by linear fitting of In(z,v,, \N;) vs. I/T .

Another possibility for the y-axis of the Arrhenius plot can be expressed as In(z,T°C),
where C is all the constants other than the temperature or in other words:

C_Vth,nNc (3.11)

=TT

3.2.3 Steady state capture-emission

Figure 3.1 illustrates the combination effect of carrier capture-emission through a trap
level. Even though the capture (c,, c,) and emission (e , e, ) processes take place
throughout and obey the corresponding law introduced above, the trap state can be deter-
mined by one or certain main process that depends on the state of semiconductor. Here an
n-type semiconductor is assumed for discussion, while that should be similar when it
comes to the p-type one.

«»  Common state
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Chapter 3
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The ‘common state’ indicates that the conduction band is full of free electrons and no
obvious minority carrier injection takes place, which is the common case for the n-type
semiconductor without external interference. If the capture rates for those trap levels are
much larger than the emission rates, the emission process can be neglected on steady state
and as a result, only capture process should be taken into consideration in the expression of
trapped electrons n, :

G

= N
C, +C,

n

(3.12)

T T

where ¢, is the majority carrier (electron) capture rate (recombination rate) propor-
tional to the majority carrier concentration and c, is the minority carrier (hole) capture rate
proportional to the concentration of injected minority carriers. As no obvious injection of
minority carrier is assumed in this common state, certain relation holds that ¢, >c,. As a
result, the trap level is filled with electrons with the concentration closed to that of the trap.

c, e, emission

‘ E

v

Figure 3.1. Schematic of electron capture-emission through trap levels.

% Depletion

When the n-type material keeps in contact with a p-type one or certain metal in order
to present a Schottky contact, a depletion region is formed and those trap levels lie in the
n-type side within the depletion region are regarded as in the depletion state. Since almost
no free carrier exists in the depletion region, the capture rates tend to be zero and the trap
state n, is dominated by the emission process:

7

= N
e +6,

n

(3.13)

T T

In that case, if e >e,, it should be regarded as electron (majority carrier) trap and is
almost empty at depletion state. On the other hand, if e «e,, this trap is capable of trap-
ping holes and tend to be full here. According to Eq. (3.8) and (3.9), the emission rate is
largely depend on the difference between trap level and the conduction band (electron
traps) or the valence band (hole traps). As a result, those electron traps usually lies in the
upper half of the bandgap with their activation energies marked as E, =E. —E;, while
those hole traps tend to be in the lower half with their activation energies as E, =E; —E, .
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3.2 Electron capture-emission mechanism

% Injection

When the minority carrier concentration is large enough to reach the level of the ma-
jority carrier (e.g. due to the forward bias in the p-n junction if we focus on the depletion
region), the capture rate of minority carrier (hole) could exceed that of the majority ones
(electron) and so ¢, > ¢, . In that case, almost no trap level will be captured by electron ac-
cording to Eq. (3.12) and these trap centers are filled with holes instead. In other words,
those minority traps could only be detected under the injection state with the help of large
forward bias in a p-n junction namely saturating injection pulse [113].

3.2.4 Transient

In order to characterize trap levels, the measurement of pulsed bias capacitance tran-
sients are commonly adopted. As discussed above, if the trapping state is switched, which
usually can be realized by changing the voltage bias through the sample under test, the
transient of carrier will take place due to the unbalanced state by either emission or capture
that comply with the time law [Eq. (3.1) or Eq. (3.7)]. Because of the relatively long emis-
sion process compared to capture due to larger time constant, the emission process is much
easier to characterize and measure by the capacitance transient. For example, the transient
of electrons will take place if the Fermi level is forced to shift by applying different bias
through a Schottky contact or p-n diode, and a direct performance, the change of capaci-
tance will be observed during the transient. To discuss this kind of capacitance transient,
the applied bias is considered to switch from a relatively high value (pulse voltage U, ) to
a lower one (reverse voltage U, ). In that case, the transient of capacitance due to the emis-
sion process is:

_t
C(t)=C, - ACe /* (3.14)
where the transient amplitude AC is:
2 2
AC =C, N, LR;ZLF’ (3.15)
2N w;
and
LR’P =Wgp -1 (3.16)

where L is the distance intersection Fermi level and trap level. Here the index R resp.
P means the value at reverse bias U, resp. at pulse voltage U, . The lambda shift involved
is illustrated in Figure 3.2, with the voltage independent distance A :

2¢,(E- —E;),)
/f{ — S F T )0 (3 1 7)
’n
an
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where (E; —E; ), is the energy difference between trap level and Fermi level in the
undisturbed semiconductor.

Figure 3.2. Lambda shift under either reverse bias or pulse voltage.

If proper bias condition is selected that makes L, ~0 and A < w,, Eq. (3.15) can be
simplified with the approximation:

NT
2N,

AC =C, (3.18)

In short, if the transient can be measured, the emission rate of trap and its concentra-
tion can be deduced from the time constant and amplitude of capacitance transient respec-
tively.

3.2.5 Limitation on trap detection

Even though the transient measurement for trap characterization is suitable for most
condition, several limitations exist and cannot be ignored especially at low temperature.

R/

% Carrier freeze-out

According to Eq. (3.15), the defect concentration is determined with the help of the
shallow doping concentration. However, when temperature is below 120 K, carriers will
be partly frozen on shallow levels that results in reduction of free carriers in the conduc-
tion band. Meanwhile, as a prerequisite that N, < N, traditional transient measurement
will no more provide the accurate results if most carriers are frozen out at low temperature.
This freeze-out effect is especially prominent at temperature below 40 K, and will be dis-
cussed in detail in 5.3.1.

« Poole-Frenkel (PF) effect

Similar as the TFE model discussed in 2.2.4, the strong electric field close to the met-
al-semiconductor interface will enhance the emission rate at the same time by lowering the
potential barrier over which the carrier is thermally emitted. Therefore, increased applied
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3.2 Electron capture-emission mechanism

electric field should lead to lower activation energy, which is recognized as the Poole-
Frenkel (PF) effect [53]. This PF effect not only lies in wide bandgap semiconductors, but
should also be taken into consideration when it comes to the narrow bandgap semiconduc-
tor materials [114]. The emission rate of PF increases exponentially with the square root of
the applied electric field, that leads to the decrease of the activation energy of trap level,
and this PF emission can be the dominate mechanism for electron emission from trapping
centers for temperatures above 250 K [115]. Furthermore, the PF effect related to the dis-
location will be affected by the presence of attractive dislocation deformation potential as
well [116]. On the other hand, the electron trap levels are considered as acceptor type if no
Poole-Frenkel effect is observed [117, 118].
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Chapter 3
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3.3 DLTS Principle

As one of the well-known defect detection methods, Deep Level Transient Spectros-
copy (DLTS) is widely used thanks to its high sensitivity, wide detection range of trap
depths, reduced measurement time and easy analysis. The defect type, activation energy
and its concentration could be determined from the sign, position and height of those peaks
shown up on the DLTS signal [113].

3.3.1 Basic DLTS principle

It is commonly accepted as logarithmic filling law that a DLTS signal can be regard-
ed as the fingerprint of an extended defect, and particularly of dislocations [39]. And as a
result, it becomes one of the most versatile techniques to determine the abovementioned
deep levels over a wide range of depths in semiconductor material.
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Figure 3.3. A schematic of the DLTS transient signal generation. (a): Steady state
reverse bias, (b): Applying pulse; (c): Just after removing pulse; (d): Capacitance
transient due to thermal emission of carriers.

Based on basic theory of emission/recombination in semiconductors, the DLTS
measures the change of junction capacitance of the sample due to the emission of charge
carriers from the defects existing in the space charge region. To better understand the
DLTS theory, let’s consider a reverse biased n-type semiconductor Schottky device with a
deep level marked as E,, as is shown in Figure 3.3 [6]. When a pulse U, is applied
[Figure 3.3(b)] the SCR is reduced and thus the capacitance increases drastically. There-
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3.3 DLTS Principle

fore the traps begin to gather carriers from the bulk region, and will be fulfilled if the pulse
duration T, is long enough. With return of the reverse bias U, to its quiescent level, the
width of the SCR restores [Figure 3.3(c)]. As the filled traps are above the Fermi level, the
system will relax into thermal equilibrium by emitting trapped charge carriers [Figure
3.3(d)], and the capacitance will gradually increase until the steady-state value of Figure
3.3(a).

In that case, a transient of capacitance occurs during carrier emission, as is shown in
Figure 3.4. While the capacitances are measured at fixed time (double boxcar) under vari-
ous temperatures, the relationship between difference of capacitance AC and temperature
can be obtained, as illustrated in Figure 3.5. Here the time different t, —t, is regarded as
the period width T,, of DLTS measurement if the time delay t, keeps constant during the
whole characterization. However T, becomes more complicate in real DLTS test system
and will not be explained in detail here. The temperature where maximum appears corre-
sponds to specific deep level. By locating the maximum temperature point under different
period width, the Arrhenius plot can be drawn to extract the trap parameters, and this is the
so-called DLTS maximum analysis.

N
U
R | reverse reverse
bias reduced
or forward
| >
0 t
band
diagram
T
capacitance AC
‘ S
0 t

Figure 3.4. Capacitance and band diagram evolution based on bias condition.

To pursue higher resolution, an inverse Laplace transform of a digitally averaged
transient is adapted to replaces Lang’s double boxcar, which could remove the instrumen-
tal broadening from DLTS. This is the so-called Laplace DLTS or LDLTS. As an isother-
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Chapter 3
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mal measurement, it can separate defects with very similar emission rates (e, /e,) ~ 2, i.e.
a resolution of ~2 meV at 100 K due to dynamic determination of regularisation parame-
ters based on Tikhonov approach [119]. These high resolution DLTS will be explained in
the following sections.

Temperature

1 highT

Tm ax

Capacitance transient measured
at different temperatures

lowT

ty ty Time AC = C(t1)-C(ty)

Figure 3.5. Difference in capacitance between two time points at various tempera-
tures [113].

3.3.2 Fourier transform and DLTFS

«» Fourier transform

Consider a digital system that scans the periodic analog signal f (t) with the help of
an analog-digital converter (ADC) in N discrete equidistant times and the sampling inter-
val At. Thus the period width T, = NAt contains N intervals and N+1 real values

(o fy)-
For the continuous Fourier transform, the coefficients c, of the Fourier series are:

Ty

c, =—I f (t)exp(—ina,t)dt (3.19)
TW 0
with
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3.3 DLTS Principle

2

3.20
T (3.20)

Wy

and the corresponding cosine coefficients a, and the sine coefficients b, can be ex-
pressed as:

¢ =%(an _ib.) (3.21)

On the other hand, the continuous time-dependent signal f(t) can be recorded and
reconstructed by using the discrete sampling if the sampling law is fulfilled, and it exists
the Discrete Fourier Transform (DFT) that:

N-1
F,=> f,exp(-27ink/N) (3.22)

k=0

If it does not follow the trapezium rule that f, = f, the first term f, in Eq. (3.22)
should be replaced by ( f, + f )/2, and the discrete Fourier coefficients c; are:

c® =F,/N (3.23)

% DLTFS

In order to improve the basic DLTS method where two time points are preset, the
Deep Level Transient Fourier Spectroscopy (DLTFS) has been put forward thanks to the
Fourier transform [120]. Consider the transient signal that follows the exponential time
law:

t-t,

f(t)=Ae * +B (3:24)

where A is the amplitude of transient, B the offset and z the time constant, the co-
efficients can be expressed as:

a, =$et%(1—e‘w)r+28 (3.25)

w

t0 ,TW
a, :i—Ae%(l—e 4)—1 e

S (3.26)
w — +tNw,
T
2A % “Tw N
b :—e%(l—e 4)—O
h 1 ,, (3.27)
w — +Nn @,
T
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These coefficients should relate to the corresponding coefficients obtained from Dis-
crete Fourier Transform (DFT), which means that instead of the double boxcar function,
all coefficients that contain the information of original transient signal can be calculated
and analyzed.

Furthermore, the time constant can be deduced from the ratio of different coefficients
such as:

z(a,.b )=ib—n (3.28)
Nw, a

n

where neither signal amplitude nor offset are included in the expression any more.

3.3.3 HERA DLTS

Even though the maximum analysis of traditional DLTS and its corresponding Ar-
rhenius plot is convenient with high accuracy on single trap analysis, large numbers of
deep levels can lie closed to each other, given overlapped peaks on the traditional DLTS
signal. As a result, apart from the maximum analysis, a series of mathematic tools such as
Laplace transformation or multi exponential transient fit are involved in the High Energy
Resolution Analysis (HERA) in order to improve the accuracy especially for separation of
trap levels.

Backtracking to Eq. (3.14) which describes the capacitance transient from single level,
if multi trap levels are involved in the same emission process, the capacitance should be
calculated separately and thus the total response on capacitance is:

N _t
C(t)=C,-> ACe ) (3.29)
i=1
where i represents the individual emission from each trap level and N is the maxi-
mum number of traps. Therefore if the transient curve that contains several trap emissions
is recorded, it is possible to separate these individual processes and to calculate the corre-
sponding time constant with the help of a proper mathematic tool for multi exponential fit.
On the other hand, thanks to Laplace transformation, Eq. (3.29) can also be expressed
as:

C(t)-C, = I F(s)e “ds (3.30)
0

where F(s) is the spectral density function.

In this way, the resolution of analysis can be improved by more than an order of
magnitude compared to the traditional one [119].

An example of HERA (Laplace) from our experimental DLTS system is given in
Figure 3.6. Instead of analysis of the DLTS signal from whole temperature range, here the
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3.3 DLTS Principle

Laplace analysis focuses on deconvolution of signal transient curve and two levels are ob-
tained with their time constants and activation energies, and the fitted curve is in great ac-
cordance with original transient data. Therefore even if these two levels belong to a broad
peak in conventional DLTS signal that can hardly separate, it is possible to distinguish

them with the contribution of Laplace analysis.

T T T T TTITT] T T T T TTTTT

i 30 ) Resuli Origin=X-56, Temp=546.6 K [
E - W_ ‘ Nc tau [s] E[eV] Amp [pF] C1 app level
= 20 L RS .075 1.44E-02 517 1 &
.g L TR | |2 3.48E-02 1.128 1.63E-02 51[g] 2 8
§ 10f -
= L _
0 - -
I L T e i L B B L 1111l 1 111l 1 L1l 1 1 ||||||-
102 102 107! 10°
eff. time [s] —
T T | B s T T =ty € & Tl Lol T T T T T T
T o008} i :
S i 1
S 0.006 .
2 L 1
0.002 : .
0.000 - =
L L 7 N LR et WY Lk b ) L L e A VA ol W e | 1 i T T S T B |

1072

tau [s] —

Figure 3.6. Original capacitance transient signal (upper plot) and its Laplace
transform spectra (lower plot). Inner table lists the extracted parameters of two dif-
ferent levels, where their fitting curve is presented in the upper plot as solid line.

Unfortunately, as a noise signal is inevitably involved in the original transient signal,
sometimes the HERA can be too sensitive and will identify those strong noise signal or
fake levels as well, which can in turn affect the true trap analysis. As a consequence, the

resolution or sensitivity should be properly chosen and set.
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3.4 Category of DLTS

In the previous sections the DLTS principles have been introduced according to the
capacitance transient. However, apart from the common capacitance DLTS (C-DLTYS)
mode, transients of current DLTS (I-DLTS), voltage DLTS (U-DLTS) or Charge DLTS
(Q-DLTS) are all available with their advantages as the supplement of traditional C-DLTS
measurement. On top of that, other types of DLTS mode such as Deep Level Optical Spec-
troscopy (DLOS) that is based on photostimulated capacitance transients measurements af-
ter electrical, thermal, or optical excitation [121] and optical current DLTS (O-I-DLTS) in
order to fill both majority and minority carrier traps [122] have been reported as well.

On the other hand, isothermal DLTS measurement is another significant category that
measures the transient at fixed temperature instead of the traditional DLTS Tempscan
(DLTS temperature scan) method that records the transient signal in wide temperature
range with a relative small interval (usually few Kelvins). With the help of isothermal
DLTS, it is easier to characterize doping profile or capture cross section if the activation
energies of trap levels have been investigated in advance.

3.4.1 DLTS transient modes

% C-DLTS

As the widely used DLTS mode, C-DLTS (or DLTS if not emphasized) benefits from
its simplicity on both measure and analysis, and the sensitivity can be terrific when capaci-
tance compensation is used in the DLTS system. However, it is hard to provide the accu-
rate DLTS results if the resistance of the device under test is high [123]. Moreover, the
freeze-out as introduced in 3.2.5 can be another drawback for C-DLTS to investigate those
trap levels with tiny activation energies.

s I-DLTS

Current DLTS (I-DLTS) is a candidate for trap characterization in order to overcome
those drawbacks mentioned with C-DLTS, which can be suitable for investigation on ma-
terial with large resistivity [122]. Different from the capacitance transient described in Eq.
(3.14), in the case of [-DLTS the current transient is:

_t
I(t)—IRzéqSWRNTTie /e (3.31)
€
As the time constant is also involved outside the exponential term, the amplitude of
current transient is temperature depending, which adds up the complexity of analysis.
Meanwhile, as the leakage is strongly depend on temperature, the noise of I-DLTS can be
quite large which leads to inaccurate results at high temperature where considerable leak-
age current shows up especially on Schottky diodes. Moreover, the sensitivity of [-DLTS

Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon 50

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés
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is also limited by the sensitivity of current measurement, which is normally lower than ca-
pacitance measurement.

< Q-DLTS

Even though similar as I-DLTS that current transients are measured at charge DLTS
(Q-DLTS), these transients are calculated by numerical integration which overcomes the
disadvantages that the amplitude is temperature dependent at [-DLTS. However, these in-
tegrations need correct information of current offset. Otherwise the signal will be over-
lapped by a linear noise signal which will ruin the useful information. In addition, it is a
powerful tool for investigation on the structure with the high frequency capacitance that is
independent of the charge state of either interface or bulk traps, that can be the case for
MIS with Fermi level pinning [124]. As a result, Q-DLTS is active in bulk and interface
traps characterization due to its relatively high sensitivity [125].

s U-DLTS

Voltage DLTS (U-DLTS), also known as Constant Capacitance DLTS (CC-DLTS),
measures the voltage transient produced by trap emission when the capacitance is kept
constant with the help of feedback loop to adjust the applied bias. Since the capacitance is
kept constant, the investigation zone of the deep level traps is well defined and controlled
during the measurement. As a result, it can rule out the refilling effect owing to the dis-
placement of the space charge region edge while the C-DLTS fails [126].

However, due to the complexity of the measurement set up for U-DLTS where fast
feedback and control system is necessary, it is not generally use for defect characterization.
Furthermore, as the capacitance should depend on voltage in U-DLTS, this method is im-
possible to adapt to the region where C-V curve is flat, which can be the case on MIS
samples under accumulation and deep inversion.

Table 3.1. Comparison of different DLTS modes from our DLTS manual, it marks

with ‘+° as good, ‘0’ as medium and ‘-’ as bad.

DLTS mode C|lI|Q|U

Sensitivity +|—-|o|o

Recovery time —lo]o|-—-

Offset compensation + ==+

Measurement +|+]|o0o]o0

Exponential o|+|o]|+

N, calculation +]lo|o |+

N, s, depth profile o|—|—1|+

% Comparison of DLTS modes
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In short, the conventional C-DLTS offers high sensitivity and is suitable for most of
trap characterizations. However, it is important to switch to I-DLTS or Q-DLTS when
N, < N no longer holds. On the other hand, if the hardware permits, the U-DLTS can
provide focus on specific region. The comparison on 4 DLTS modes from our DLTS
manual is listed in Table 3.1.

3.4.2 Isothermal DLTS

The discussion on DLTS above mainly focuses on the DLTS Tempscan where transi-
ent curves are measured at different temperatures with wide range and small steps (e.g.
2~3 K). Therefore it is unrealistic to reach stable temperature at each measure point since
too many transient are being recorded. As a result, a temperature difference is unfortunate-
ly introduced during each transient measurement (e.g. the AT for the transient with a
measurement time of 10 s and temperature step of 2 K could be 0.2 ~ 0.6 K if no addition-
al waiting time is applied). Even if this difference can be neglected for most of the trap
identifications, it is wise to reduce that as much as possible when characterizing those sen-
sitive traps. In that case, the isothermal DLTS can be quite convenient owing to its small
AT (less than 0.1 K if the parameters are well set). In addition, the isothermal DLTS can
improve the characterization on either capture cross section or profile of defect concentra-
tion under different variation modes.

3.4.21 Variation of period width

This period scan method namely Isothermal Transient Spectroscopy (ITS) is the most
used method among isothermal measurements, which can investigate the trap levels with
higher accuracy. Instead of the temperature scan used in Tempscan, ITS scans the period
width T, and records the transient of each T, at a fixed temperature. After the period
scan at several temperatures that are closed to the peak in the traditional Tempscan and
with a relative large step (e.g. 10 K), the maximum analysis or HERA can be done for trap
identification just as discussed in Tempscan. In order to locate the target temperature
where the researched trap lies, a pre-Tempscan is always needed for ITS, which can be a
drawback. However, ITS is rather significant for characterization on those traps sensitive
to temperature variation.

3.4.22 Variation of pulse width

If pulse width T, is chosen as the scan parameter with others parameters kept con-
stant (including the period width), it is working at the DLTS mode with variation of pulse
width. According to the variation step (linear or logarithmic), it can be used for either cap-
ture cross section calculation or trap identification.

% Logarithmic variation of T,
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3.4 Category of DLTS

When discussing the DLTS principle, the time constant of capture z, is assumed
small compared to the common used T, , which leads to the filling on all trap levels. How-
ever, this no more fulfills if T, is comparable with 7, or even smaller. In that case, the
traps filled during the pulse n,, rises up with increase of T,, which results in larger ampli-
tude of the transient signal during emission. On the other hand, the point defect is likely to
saturate with large T, while those cluster traps such as dislocation can hardly saturate even
at large pulse width and will still increase with the growth of T,. Therefore, if the pulse
width is scanned with a logarithmic width on a large range (e.g. from 10 nm to 10 ms),
both trap type and the overlap (if exists) can be identified.

0.008 —rrrrr—r—rrrrr——rr T ——r—rrrry
0.006 -
o
£0.004 - —s— Peak #1 @82K | -
= —e— Peak #2 @410K|
—a— Peak #3 @555K] 1
0.002 1 .
0.000 +—rrrr———rrrr——rrrr—— e —— e ——rrrrr
107 10°® 10°% 10+ 10 107
Tp (S)

Figure 3.7. Isothermal DLTS signal (bl) with variation of pulse width logarithmi-
cally on 4H-SiC SBD with metal contact of tungsten. Three signals were measured
at different temperature marked in the plot.

As an example, three signals measured at different temperatures are shown in Figure
3.7. Apart from the signal heights that are related to the trap concentrations, the trends of
signals with increase of the pulse width are distinct. #1 that is measured at 82 K saturates
with relative low T, (200 ns) and then keeps constant, that indicates that it belongs to the
point defect. On the other hand, the signal at 410 K rises up rapidly with T, lower than
200 ns, and continue to increase at large T, without any appearance of saturation. This is
the feature of extended traps such as dislocation. On top of that, two regions can be identi-
fied from signal #3 with a demarcation point around 3 ps, which is suggested to be due to
the overlapped trap levels. Therefore the isothermal DLTS with T, variation on logarithm
is a powerful auxiliary tool for trap identification.

% Linear variation of T,
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Call back to Eq. (3.1), if the pulse width is so small where T, <z, exists, the capture
process can be simplified as:

(1) = NTTl (3.32)

C

Since the signal height correspond to the occupied trap levels, in that case the plot
amplitude vs. pulse width should be almost linear within certain region (T, <7, ), and in
turn the capture cross section can be determined from its slope.

3.4.23 Variation of bias voltage

As explained in DLTS principle, the effective zone of trap investigation is based on
the depletion region under different bias, or in other words, is determined by the U, and
U, values. Therefore it is possible to focus on certain region by selecting proper bias con-
dition. Moreover, it is easy to draw the profile of trap concentration with the help of volt-
age scan, and this can be realized by the isothermal DLTS with variation of bias conditions.
According to the sweep parameter, three modes are commonly available:

% Variation of U,
Measure the transients at different U, while U, keeps constant. It is possible to cal-

culate the trap concentration by the amplitude vs. U, plot.

R/

¢ Variation of U,

Measure the transients at different U, while U, keeps constant. It is possible to cal-
culate the trap concentration by the amplitude vs. U, plot.
% Variation of U, and U,

U, and U, varies simultaneously with its difference U, —U, keeps unchanged. The
concentration profile is more intuitive at this mode.

3.4.3 Other DLTS

3.4.31 DDLTS

Double correlation DLTS (DDLTS) was first put forward by Lefevre et al. [111] as
an improvement to conventional DLTS method. In order to rule out the field dependence
of the capture cross section and those undesired effects in the contact area, a second pulse
is used and its capacitance transient is measured and analyzed. Deep level profiles with

low concentration (i.e. 10* times lower than the background doping) can now be deter-
mined thanks to DDLTS.
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Figure 3.8. Schematic illustration of pulse shape and capacitance transient in
DDLTS [111].

The principle of DDLTS is shown in Figure 3.8 as a two-step process [111]. 1) A
normal pulse (U, —U,) is added as the conventional DLTS. If measuring the difference
from capacitance transient namely AC =C(t,)—C(t,), the DLTS signal will be obtained. 2)
A second pulse (U, —U,) is adopted and its transient is measured where time t, and t, are
fixed as the former one. By calculating the new correlation function which is
[C'(t,)-C(t)]-[C'(t,)—C(t,)] or AC(t,)—-AC(t,), only those traps filled solely during the
higher pulse will be observed.

Since the capacitance variation during DLTS are required to be large enough, even
though DDLTS is similar as setting the reverse and pulse bias as U, and U}, the signal-
to-noise ratio is greatly improved. Another thinking is to present two conventional DLTS
Tempscans with only difference of pulse heights U, . In that case, similar signal will be
obtained as the DDLTS when the difference of two Tempscans is calculated.

S. Loualiche also argued that when it comes to multi deep traps involving acceptor-
like defects, modification should be done to the expression of trap concentration as given
by Lefevre [110].

3.4.32 Developments on CC-DLTS

% CR-DLTS

The Constant Resistance DLTS (CR-DLTS) was first put forward by Plamen for
MOSFETs characterization. Similar to the CC-DLTS, the CR-DLTS measure the voltage
that keeps the conductance constant with the help of the feed-back system [127]. Com-
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pared to the CC-DLTS, only those traps inside space charge region that can be controlled
by the gate are investigated. CR-DLTS is regarded as simple, sensitive and device area in-
dependent technique which is useful for characterization on FETs where the drain-source
conductance can be affected by the charge emission [128].

% CS-DLTS

As a compromise between C-DLTS and U-DLTS, the Constant Space charge region
DLTS (CS-DLTS) can avoid the setup problem with U-DLTS. Instead of keeping the ca-
pacitance constant by real time feed-back during transient of U-DLTS, the equilibrium or
static values of capacitance of reverse bias and pulse voltage are set constant with variation
of U, and U, . This can be simply realized by the lookup method with measuring the C,
and C, in advance before each transient. As a result, even if the capacitance during the
transient is never sure to be constant, it does benefit from U-DLTS method to some extent.

% CC-DLOS
If the idea of constant capacitance is applied in DLOS mentioned before, it comes up

with the Constant Capacitance DLOS (CC-DLOS), which can be used for investigation on
very deep interface states [129].

% LT-CC-DLTS

7

As a complement to the conventional CC-DLTS, the long-time constant-capacitance
DLTS (LT-CC-DLTS) was introduced by Bassler which allows the use of remarkable long
time constant that can be up to 1 h in practice [130].
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4.1 Sample used in this study

4.1.1 Overview

Table 4.1. 4H-SiC SBD samples used in this study.

Ni 1000 A 500
Ti/W lift-off 350
Ti/W sputtering etch 1 min 350
Ti/W sputtering etch 3 min 350

Mo lift-off 500

W barrier high 500

Mo etch 500

Figure 4.1. Map of cell of SBD samples, diodes within each cell are labeled from
D1 to D6.
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4.1 Sample used in this study

Seven SiC Schottky samples with 4 different metal contacts provided by our collabo-
rator were fabricated under various conditions as listed in Table 4.1. Unfortunately, no fur-
ther detailed information about fabrication process is available in addition to those listed in
the column Identification. All samples are fabricated with the same cell illustrated in Fig-
ure 4.1, including 5 square diodes and 1 rectangle diode. The specific size parameters and
surface information for each diode can be found in Table 4.2. Although all diodes were in-
volved in a preliminary measurement (I-V and C-V characterization at room temperature),
considering the DLTS installation where the metal probe is used as surface contact, further
characterization and DLTS test only took place on those large diodes (D3 and D6) if no
additional highlight is given in this study.

Table 4.2. Size parameters of diodes illustrated in Figure 4.1.

Diode ID Size (Jm) Radius of curvature (Jum) Surface (mmz2)

D1 400x400
D2 400x400 75 0.155
D3 1600x1600 300 2.48
D4 400x1600 75 0.63
DS 1200x1200 300 1.36

D6 1600x1600 300 2.48

4.1.2 Preliminary statistics

The primary [-V and C-V measurements have been done by using ACS software,
Keithley 26364 System SourceMeter, B15054 Power Device Analyzer and the semi-
automatic probe station. The primary parameters, especially ideality factor and Schottky
barrier height were deduced based on either I-V or C-V results in order to locate those di-
odes with double barrier. As an example, Figure 4.2 presents the mapping of SBH on sam-
ples with three metal contacts. With the help of Python for data processing, those SBHs
and ideality factors were calculated according to those formulas discussed in Chapter 2.
Complete statistics for all samples are listed in Table 4.3. It is clear that diodes characteris-
tics vary a lot from one to another, and could also be influenced by manufacturing process.
Ni diodes always shows a multi-barrier phenomenon regardless of diode size, while those
double barrier diodes have only been found on the smallest squares when it comes to the
Ti/W liftoff sample. After the first characterization, samples are cut into small pieces for
subsequent measurements, owing to the limited size of our characterizing system. Thanks
to this mapping on preliminary measurements, those big diodes, especially the ones with
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double barrier phenomenon have been located, that is the main focus in the following
characterization as discussed before.
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Figure 4.2. Mapping of barrier height on 3 SBD samples. Those marked “no diode
are lack of effective diodes due to wafer cutting.

Table 4.3. Statistics on each sample from the preliminary I-V charactrization.

Label Total diodes High leakage current Double barrier

80 10 67
72 12 15
67 18 28
81 28 22
64 22 10
81 23 17
82 33 9
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4.2 Measurements setup

4.2 Measurements setup

Due to relatively high series resistance and large temperature mismatch on DLTS sys-
tem especially at high temperature, cryostat system is adopted for I-V and C-V measure-
ments under wide temperature range in order to determine those electric parameters. On
the other hand, various of DLTS tests have been taken out by DLTS system as well as -V
curves measured for qualitative analysis.

4.2.1 Hardware setup

v S K i 4 " A,\‘
: ’ ] "y e (

Figure 4.3. Cryostat system used for I-V and C-V measurements.

% Cryostat

As illustrated in Figure 4.3, samples were set in the vacuum cryostat and insulated by
a potassium aluminosilicate plate. Silver lacquer was used to paste the sample on the plate
in order to make back-contact and ensure good thermal conductivity. I-V and C-V charac-
teristics were measured with Keithley K2410 and Keysight E4990A4 Impedance Analyser
by four-point measurement. Temperature was automatically and accurately controlled with
liquid nitrogen and input heater adjusted by the temperature value measured by P7700. All
measure has been performed in the dark to rule out the influence of light.

s DLTS
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The DLTS tests have been realized with FT-1230 HERA DLTS (High Energy Reso-
lution Analysis Deep Level Transient Spectroscopy) system by PhysTech. As shown in
Figure 4.4, samples are kept in dark vacuum as that in cryostat. Meanwhile, samples are
isolated and pressed by ceramic plate in order to enhance the thermal contact and finally
high accuracy was achieved on measured temperature. However, large temperature mis-
match has still been found at high temperature especially over 600 K. Unlike the four-
point measurement described above, only two contacts are used for DLTS that will inevi-
tably induces additional series resistance around 100 Q in this case. However, since our at-
tentions are drawn on transient of capacitance and the compensations are taken out, this se-
ries resistance could be ignored during DLTS characterization.

Capacitances are measured by Boonton 7200 capacitance meter in DLTS system,
with 4 ranges of 2 pF, 20 pF, 200 pF and 2000 pF for static measures and can achieve the
accuracy of fF class during the transient measurement thanks to the compensation system.

The bias and pulse source are controlled by the software within a range of —20 V to
+20 V with a resolution of 1mV, and can be extended to —100 V or +100 V if height volt-
age module is used.

The current resolution is 10 pA for measuring current or current transient by the
DLTS system, with 5 different range of 1 pA, 10 pA, 100 pA, 1 mA and 10 mA. There-
fore the current limit during DLTS test is limited to 10 mA. However, this current limit
can hardly be reached owing to the existence of series resistance.

Back contact

i : :ﬁi k A
Figure 4.4. DLTS test system (left) and its inside view on head part for sample in-
stallation (right).
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4.2.2 1-V measurements

/7

s Cryostat

Owing to the temperature limitation of liquid nitrogen, [-V measurements in the cryo-
stat are limited to 80 K at cryogenic temperature, while a maximum of 400 K is adopted
with a step of 20 K. Forward characteristics were measured every 0.01 V with a limitation
of 30 mA which is high enough for the study on linear region of the diodes. Meanwhile,
reverse characteristics were measure from 0 V to —40 V with a step of 1 V. However, leak-
age current would not be used for calculation but only to filter diodes with high leakage
current due to the sensitivity limitation on Keithley K2410.

s DLTS

Same voltage step is adopted for the current measurement by using the DLTS system.
However, as the existence of high series resistance discussed before, the DLTS software
will recalculate the voltage applied directly on sample. As a result, the current is usually
lower than 10 mA with the converted sample voltage limited to a certain value rather than
input value. (e.g. when the voltage applied is 1.5 V, the sample voltage could be only 1.1
V due to the series resistance.)

For those I-V curves measured during DLTS scan, the step is around 20 K when tem-
perature is higher than 150 K, and becomes shorter at lower temperature. (see 4.2.4)

4.2.3 C-V measurements

R/

< Cryostat

Same temperature range and step as [-V measurements were adopted for C-V charac-
teristics performed in the cryostat. Applied voltage varies from 0 V to —10 V with a fre-
quency of 100 kHz to examine the linear performance on the plot of 1/C? vs. V , while
only those data with bias form 0 V to —5 V are used for calculation in order to improve the
accuracy.

% DLTS

The C-V measurements were usually taken out between —10 V and 0 V with a step of
0.25 V under 1 MHz AC signal in DLTS system. However, C-V curves measured with
DLTS are not used for parameters extraction but only for providing an intuitive impression,
especially the measured C, and C, during DLTS scan.

4.2.4 DLTS measurement

Due to the freeze-out effect which will be discussed in section 5.3.1, the conventional
capacitance DLTS scan mainly took place at relevantly high temperature, while current
DLTS took charge of the rest part. On top of that the isothermal DLTS measurement was
also used especially for researches under extremely low temperature.
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% Capacitance DLTS

Due to huge experimental error between sample temperature and the value measured
by sensors in DLTS, C-DLTS was typically used between 200 K and 550 K with 3 win-
dows (T, ) in order to extract those energy levels from either Arrhenius plot for maximum
search or HERA analysis. The main measurement parameters are listed in Table 4.4. Fur-
thermore, under certain circumstances, 60 K could be a possible start of scan for signal

comparison.

Table 4.4. Typical parameters used for capacitance DLTS scan.

DLTS parameters Value(s)
Pulse width T, (ps) 100
Reverse bias U, (V) -10
Pulse voltage U, (V) 0.1
Period width T, (ms) 20.48,204.8, 2048

< Current DLTS

Same DLTS parameters were used for [-DLTS with the temperature range of 20 K to
60 K. However, T, was limited to 2.048, 20.48 and 204.8 ms rather than that listed above
due to high noise results from large T,, between 70 K and 170 K.

Table 4.5. Common isothermal DLTS modes.

Type Description Function
T, (lin) T, varies with a linear step Determine o
T, (log) T, varies with an exponential step Defect overview
T T, varies with an exponential step Defect analysis
Uq U, varies with fixed U, Defect profile
U, U, varies with fixed U, Defect profile
U, -U; U, and U, varies with fixed U, -U, Defect profile

« Isothermal DLTS
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4.2 Measurements setup

Different from DLTS temperature scan (C-DLTS or I-DLTS), the isothermal DLTS
measurement will improve the accuracy by fixing the test temperature. Common modes
used are explained in Table 4.5.

Apart from those listed above, the period scan (variation of T, ) could be done at dis-
tinct temperature of with different parameter variation (e.g. U, ). This will be discussed in
specific section.
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4.3 Experimental results

4.3.1 Case study: Ti/W liftoff sample

4.3.11 Statistic measurements

< Forward I-V characteristics
The forward I-V curves of the diode Ti/W liftoff is shown in Figure 4.5 in a wide

temperature range (80 K to 400 K). Considering the existence of series resistance, maxi-
mum current is limit to 0.01 A in the figure in order to highlight the linear region where
we pay attention. It is clear that the forward I-V curves keep linear over whole studied

temperatures.
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Figure 4.5. Forward I-V characteristic on diode Ti/W liftoff.

% C-V characteristics

Results calculated according to the C-V characterization within the same temperature
range are illustrated in Figure 4.6. Even though the shallow doping concentration rises up
with the increase of the temperature, the total shift is rather limited (~1% ) except the val-
ue around 80 K, where an obvious gap shows up due to carrier freeze-out. Meanwhile, the

SBH by C-V is somewhat symmetric with a maximum around 250 K.

Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon 66

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



4.3 Experimental results

T T T T
1.16 . " °
S e L T
\(P/ ’ S n ," AN a
< R - ! e A
L1154 T T ’
S . ’
= [ ]
ey [ ]
2 o * ° -
(&) [ ] -
T 1.14- e
kS R "
T
m -
1.13 " Do) 1
8 ® N
T T T T
100 200 300 400

Temperature (K)

5.60x10%°

5.58x10%°

5.56x10%°

5.54x10%°

w

(s.wo) SN

Figure 4.6. Calculated Schottky barrier height and shallow doping concentration on
Ti/W liftoff diode based on C-V characterization.

¢ Conventional Richardson plot & modified Richardson plot

In order to obtain the effective Richardson constant, Richardson plot (Figure 4.7) is
drawn thanks to the saturation current calculated with forward I-V characterization based
on Eq. (2.21). Even the points could be linear at high temperature on this plot, the devia-
tion becomes distinct at low temperature. Furthermore, the calculated Richardson constant
is too small compared to the theoretical value, and so is the SBH according that from C-V.
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Figure 4.7. Richardson plot on Ti/W liftoff diode.
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On the other hand, the modified Richardson plot based on Eq. (2.28) and its modifica-
tion relates to the flat-band barrier height according to Eq. (2.37) could be drawn, as
shown in Figure 4.8, thanks to those values obtained from I-V and C-V characterization.

The Richardson plots are much more linear on both modifications over whole tem-
perature, with a reasonable value of SBH closed to that calculated from C-V. Moreover,
the modified Richardson plot based on @ is more linear fitted with R* = 0.99999 com-
pared to that of the conventional modified Richardson plot R* = 0.99995. Taking into
consideration the more reasonable value of Richardson constant, the modified Richardson
plot based on @, functions better and will be adopted as main tool for extraction of ef-
fective Richardson constant in this work.
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Figure 4.8. Modified Richardson plot and its modification based on flat-band barri-
er height.

% Gaussian distribution model and potential fluctuation model

According to the effective Richardson constant obtained ( A" = 36.67 A-cm™K™), the
zero-bias barrier height could be extracted at each temperature based on Eq. (2.27).
Meanwhile, those variables of Gaussian distribution model (section 2.4.3) and potential
fluctuation model (section 2.4.4) are possible to determine. As shown in Figure 4.9, both
calculated values stay linear from 120 K to 320 K, with those main parameters marked be-
side the fitting lines. Regarding the relationship of these two model discussed in section
2.4.7, if we adopt @, above, the calculated ®,, and o?, are 1.24 eV and 0.009 V> based
on Eq. (2.46), which is rather closed to the value directly from the Gaussian distribution
model (1.25 eV and 0.01 V7). Owing to the convenience and high accuracy, the potential
fluctuation model where only ideality factor n is desired is mainly adopted for further
characterization.
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Figure 4.9. Zero-bias barrier height ®,, and 1/n-1 as a function of q/2KT .

<+ Discussion

After recalculating @, at each temperature based on Eq. (2.37), the barrier heights
determined by different models are compared in Figure 4.10. The n®,, values are closed
to @, , and their differences are tolerable even under low temperature, that well explains
the perfect linear fitting even in the conventional modified Richardson plot as discussed
before. All values are approach and almost keep constant over the temperature range stud-
ied except @;,, and as a result, the simple zero-bias barrier height @, is not generally
recommended for SBH determination.
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Figure 4.10. Comparison of zero-bias barrier height ®,,, n®,,, SBH determined by
C-V @, and flat-band barrier height g .
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4.3.12 DLTS results

DLTS scans have been taken out after statistic measurements. In order to relieve the
influence due to freeze-out effect (discussed in 5.3.1), the I-DLTS was adopted for low
temperature region (below 200 K) instead of conventional DLTS measurement that takes
charge of higher temperature part.

8 . . . . . .
m  DLTS signal
— Fitting curve
6 - Ty =204.8 ms |
T, =100 us
Ug=-10V
—~ Up=-0.1V
=
~ 4 4
—
o

1 1
200 300 400 500
Temperature (K)

Figure 4.11. DLTS signal (correlation bl) and the simulation fitting curve accord-
ing to the parameters of 6 trap levels extracted by Arrhenius analysis list in Table
4.6 on Ti/W liftoff diode between 200 K and 550 K.

Figure 4.11 illustrates the capacitance DLTS signal at high temperature region. 3
peaks can clearly be distinguished (260 K, 380 K and 510 K) while a fourth one shows up
at around 300 K in the form of shoulder. With the help of correlation functions based on
Fourier Transform, different deep levels could be identified as shown in Table 4.6, and the
simulating results is shown as the red line in Figure 4.11 according to those extracted trap
levels. Most of the defect levels are well fitted especially the highest peak, except the one
around 295 K, that shows up as a shoulder of the higher peak at 265 K. In addition to the
often reported Z,, defects, the defect level at around 385 K with the highest concentration
detected is close to the one labeled as NB center. Meanwhile, the peak over 500 K is ana-
lyzed as double defects with energy levels approaching 1 eV. Even though a sixth defect
level marked EH1 shows up at 227 K, no obvious peak locates from the signal of correla-
tion b1 and the concentration is rather low compare to other defects. In this case, existence
of noise can be foreseen that will reduce the accuracy from the Arrhenius analysis. It needs
to be pointed out that except the famous Z;,, the origins of other defects found are not
clearly identified to the best of author’s knowledge.
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Table 4.6. Calculated deep level parameters based on Arrhenius plot by DLTS

measurement between 200 K and 550 K and those interpretations. The defects are

indicated by the position of the positive peak shown in Figure 4.11.

T (K) E.-E (eV) o (em®) N, (cm™) Interpretation  Reference
227 0.470 1.45x10"° 4.21x10" EH1 [131]
265 0.514 236107 1.16x10"

Z1) [62, 132-134]
295 0.602 4.25x10"%  7.19x10"
385 0.794 474x10"° 2.35%10'>  NB center [135]
515 0.945 4.89x107"7  9.99x10"
RD,) [25, 132, 133]
515 0.995 4.00x10""7  1.62x10"
01 T r 1
| ] - -
~ -, e ..“.-.' ge
] n .-.. m [
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Figure 4.12. Current DLTS (I-DLTS) signal (correlation bl) on Ti/W liftoff diode
from 70 K to 170 K and between 20 K and 60 K (inner plot), with a period width of

204.8 ms.

On the other hand, four defect levels as negative peaks illustrated in Figure 4.12 are

recognized and the analysis results are listed in Table 4.7. The two highest peaks with

largest defect concentrations result from nitrogen level, which is the shallow level of dop-

ing in this case. However, the energy level around 0.15 eV could not attribute to those lev-

els reported even though the concentration is too high to be ignored.
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Table 4.7. Calculated deep level parameters based on Arrhenius plot by I-DLTS
measurement between 20 K and 170 K and those interpretations. The defects are
indicated by the position of the negative peak shown in Figure 4.12.

T (K) E.-E (V) o (em® N; (cm®) Interpretation Reference

35 0.074 7.39x107°  7.81x10"

N [24, 70, 136]
42 0.083 4.65x10"* 5.35x10"
83 0.149 8.46x107'¢ 1.44x10" \ \
115 0.246 47910 6.09%10'""  Metal impurities [23]

4.3.2 Research on diode with multi-barriers

4.3.21 Mo-etch samples

«» Forward I-V characteristics

-2
102+ : (@3 1024
. A .
107 4 . 1 1074 -
* L]
1044 < 80K 4 104 A
> v
g 1054 : - g 10°4 :
IS | € >
2 10°4| o 1 8 10°4 .
3 : 3] :
1074~ 1 1074 N
B ;
108 4 4 1078 4 x
= *
1074 - 10794 -
| ]
10710 Jux 1004 A
0.0 15 0.0 0.5 1.0 15

Voltage (V)

Voltage (V)

Figure 4.13. Forward I-V characteristics on two diodes (a) and (b) of Mo-etch
samples.

Two diodes of Mo-etch with the largest surface were characterized and labeled diode
(a) and (b). As shown in Figure 4.13, the characteristics log(I)-V of diode (a) are almost
linear over the entire temperature range. On the contrary, for the diode (b), the I-V curves
clearly show a phenomenon of multi-barrier, especially at low temperature. Indeed, under
high current (> 10 pA) even at 80 K, log (I)-V still keeps linear as for diode (a). While un-
der low voltage, the current is abnormally strong compared to the diode (a), although its
variation log (I) vs. V is also linear up to about 100 nA. Such multi-barrier behavior has
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been observed by Gelczuck et al. [19] who attributed these two parts of the I-V curve to
inhomogeneity of barrier height, low SBH L-SBH and higher SBH H-SBH. In this case,
the log(I)-V characteristics can be divided into two linear regions, each giving a coefficient
of ideality and a saturation current extracted from equations (2.26) and (2.27).

¢ C-V characteristics
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Figure 4.14. Calculated SBH @ ,, based on C-V characterization. Inner plot shows
the extracted doping concentration.

Figure 4.14 shows the barrier height and doping concentration extracted from C-V as
a function of temperature. ®_ ,, has a maximum of about 200 K, that is similar as that of
the Ti/W liftoft sample. On the other hand, doping increases very slightly with temperature
except at 80 K that may be due to experimental errors.

% Modified Richardson plot

7

Although the I-V curves appear linear throughout the temperature range for diode (a),
the modified Richardson (MR) plot [Figure 4.15(a)] shows two distinct regions: between
80 and 200 K, ®,. = 1.20 eV and between 220 and 400 K @, = 1.50 eV. Diode (b)
[Figure 4.15(b)] has similar barrier heights (1.30 eV between 80 and 160 K, and 1.59 eV
between 300 and 400 K). Furthermore, an additional lower barrier height ®,. = 0.67 eV
can be recognized over the entire temperature range (80 — 400 K). This lower barrier
height is responsible for the excess current at low temperature on (b). A" was also calcu-
lated in each linear region of the MR plot using the diode surface S, and the value ob-
tained is used for subsequent calculations. Another solution would be to use a constant
value A" (the high value extracted, 1.50 eV), and to calculate a ratio between the areas of
the high and low SBH regions. The A" values are substantially different from several or-
ders of magnitude in different regions, which indicate the surface ratio could be rather
small for L-SBH region. Even for a ratio of 5.7x10™° (area of the low SBH on the total
surface of the diode), its influence on the [-V characteristic cannot be neglected.

Teng ZHANG / Thése en Génie électrique / 2018 / Institut national des sciences appliquées de Lyon 73

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI108/these.pdf
© [T. Zhang], [2018], INSA Lyon, tous droits réservés



Chapter 4
Experimental study on SiC SBD

-30 T T T -30 T T T
. a . b
®ge: 1.50 eV @ Dger 1.59 eV (b)
) A*: 208 Acm 2K 9 A* : 1190 A-cm?-K?
& 501 { £
7 a > 40 \'\. Dy 0.668 eV ]
2 > A* : 6.86x107 Acm?.K?2
£ 704 { E .
C z = /
< —
3 T 3 \\
+ + -501 E
£ 904 { & /
E Dge: 1.20 eV g Dge: 1.30 eV
A*:1.01x10°2 A-cm2K? A*:0.0203 A-cm?.K? .
-110 T T T T -60 T T T
0.002 0.003 0.004 0.005 0.006 0.007 0.002 0.003 0.004 0.005
1/nT (K'Y 1UnT (KY)

Figure 4.15. Modified Richardson plot based on the flat-band barrier height ®,.

on diode (a) and (b). n and | were calculated in the different linear zones of the I-
V curves.

For the transition zone between 180 K and 280 K on the diode (b), which can result
from the coexistence of two different barriers, the value used for further calculation is that
obtained at high temperature.
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Figure 4.16. 1/n-1 as a function of q/2kT on diode (a) and (b).

Figure 4.16 shows the experimental plot of 1/n—1 vs. q/2kT . The values of p, and
p, are obtained from the slope and the intercept of each linear region. It is clear that these
separated linear regions are similar to that determined by modified Richardson plot above
even though ideality factor is merely analyzed in this model, which has proved the accura-
cy of these two models.

Parameters of Gaussian distribution have also been extracted based on the corre-
sponding plot. Mean barrier heights and standard deviations calculated according to Eq.
(2.46) are given in Table 4.8, as well as the other parameters used in these two models.
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The calculated @, and ®},, o, and o5 values are in good agreement, which means it
functions well even on those diodes with multi-barrier, especially for diode (a). On the di-
ode (b) the slight disagreement could come from the errors related to the linear approxima-
tions of the experimental curves or to the approximation of the Eq. (2.43).

Table 4.8. Comparison of the parameters of the Gaussian model and the potential
Sfluctuation model. The two parameters ®,, and o5 are calculated from the Eq.
(2.46) with extraction of the MR plot of Figure 4.15.

Dy P2 Ps Oy, O'szo &),BO Géf)
Diode
(eV) (mV) | (V)| (V) |(eV)] (V)
150 | -0.175 | -15.23 | 1.75 | 0.021 | 1.76 | 0.023
(@)

1.20 | 0.0535 | -5.58 | 1.17 | 0.0068 | 1.14 | 0.0067

159 | -0.224 | -23.57 | 1.92 | 0.034 | 1.95 | 0.037

(b) [1.30 | 0.443 | —-4.64 | 0.81 | 0.0066 | 0.72 | 0.0060

0.67 | -0.0149 | —-8.94 | 0.73 | 0.0067 | 0.68 | 0.0060
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Figure 4.17. DLTS signal (correlation bl) with a period width of 204.8 ms on the
diodes (a) and (b) of Mo sample between 200 K and 550 K. The inserts are I-DLTS
spectrum between 20 K and 60 K (top right) and 70 K to 170 K (top left).
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Figure 4.17 shows the DLTS spectra of the diodes obtained after their I-V and C-V
characterizations. In order to avoid an annealing effect due to the temperature ramp, a fast
preliminary DLTS scan was carried out on the two diodes (from 300 to 550, then back to
300 K for a total time of 3 hours). The I-DLTS spectra are dominated by two negative
peaks between 70 and 170 K, and two other peaks below 60 K, which are similar as the
spectra obtained on Ti/W liftoff sample (Figure 4.12), and so are the DLTS results on high
temperature part. All deep levels found on Mo diodes have the values and their origins
similar as that discussed on diode Ti/W liftoff (Table 4.6 and Table 4.7). Meanwhile, as
can be seen in Figure 4.17, the DLTS results are rather similar between the two diodes,
with the exception of the peak around 280 K. Considering the uncertainties inherent in the
Arrhenius analysis, the energies extracted for this peak are very close to each other, which
means that the defects observed are common to the two Mo diodes.

4.3.22 Ti/W sputtering 1 min samples
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Figure 4.18. DLTS signal (bl) with a period width Ty = 204.8 ms of different scan
cycles on Ti/W sputtering 1 min diode (A4).

During DLTS study, several temperature scans could be applied on the same diode,
for example the diode (A) of Ti/W sputtering 1 min sample shown in Figure 4.18. Even
with almost the same results on DLTS spectra, the I-V characteristics could be rather dif-
ferent, as illustrated in Figure 4.19. Considering that samples are reserved in the vacuum
dark chamber of DLTS system, the evolution of I-V characteristic could only be attributed
to the multi DLTS scan applied.

In order to study the origin of this I-V characteristic evolution, DLTS temperature
scan and Isothermal DLTS tests have been applied on another diode (B) of Ti/W sputter-
ing 1 min sample, as listed in Table 4.9, by tracking the deep level defects and defect lev-
els with tiny activation energy. Meanwhile, pure temperature treatments with small bias
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that could be neglected have also been adopted during the test targeting on research on
high temperature annealing effect as well as annealing at room temperature.
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Figure 4.19. Forward I-V characteristic on diode (4) of Ti/W sputtering 1 min be-
tween 200 K and 400 K measured during the DLTS test of (a) : 1" scan and (b) : 3"
scan illustrated in Figure 4.18.

Table 4.9. Measure steps and addition condition on diode (B) of Ti/W sputtering 1
min sample. General measure condition of I-V and DLTS temperature scan are giv-
en in section 4.2, while that of Isothermal DLTS tests are illustrated in Figure 4.23.

Step Measure Temperature (K) Condition Label
1 Isothermal DLTS 17.5 \ ITS-0
2 I-v 60 \ Iv-0
3 DLTS scan 60 —300 25h Tempscan-1
4 I-v 60 \ Iv-1
5 Annealing 550 AC track signal, 200 min \
6 I-v 60 \ Iv-2
7 Isothermal DLTS 17.5 \ ITS-1
8 DLTS scan 60 —300 25h Tempscan-2
9 Annealing 300 Bias =-0.1V, 3 days \
10 I-v 60 \ Iv-3
11 Isothermal DLTS 17.5 \ ITS-2
12 DLTS scan 60— 550 6h Tempscan-3
13 Isothermal DLTS 17.5 \ ITS-3
14 I-v 60 \ Iv-4
15 DLTS scan 60— 550 Up=05V,6h Tempscan-4
16 Isothermal DLTS 17.5 \ ITS-4
17 I-v 60 \ Iv-5
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18 DLTS scan 60 —300 3h Tempscan-5
19 Annealing 300 Bias=-0.1V, 100 h \

20 Isothermal DLTS 17.5 \ ITS-5

21 I-v 60 \ IV-6

22 DLTS scan 60 —300 3h Tempscan-6

As shown is Figure 4.20(a), the multi-barrier shows up right after annealing at 550 K

for 200 minutes with only tiny bias applied (-0.01 V). Moreover, the second barrier that
generated from high temperature treatment seems not smooth enough, which indicate the
possible existence of additional SBH(s). Meanwhile, annealing at room temperature with-
out bias does not affect the [-V characteristic.
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Figure 4.20. Evolution on forward I-V characteristic due to (a):annealing before
DLTS scan with high temperature and (b) room temperature annealing after high
temperature DLTS scan on diode (B) of Ti/W sputtering 1 min with labels illustrated
in Table 4.9.

On the other hand, the DLTS temperature scan with reverse bias —10 V that is nor-
mally applied in our case could be regarded as the combination effect of bias stress and
high temperature, or in other words the accelerated bias stress under high temperature, es-
pecially for long time DLTS test involving high temperature zone. As illustrated in Figure
4.21, even though no obvious influence on I-V curve could be found owing to low temper-
ature DLTS scan, evolution on I-V characteristic can be identified due to high temperature
DLTS scan (IV-3 to IV-5). However, thanks to high temperature scan, the form of I-V
curve becomes smoother and the additional SBH is reduced, which indicates that bias
stress under high temperature possibly takes charge of reform on SBH especially those low
SBH regions. (i.e. to flat the surface and ‘pinch-off” of those region with low SBH.)
Meanwhile, the effect on the low SBH regions’ ‘pinch-off” could be recovered at room
temperature to some degree, as can be seen from Figure 4.20(b).
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Figure 4.21. Evolution on forward I-V characteristic due to DLTS scan on diode (B)
of Ti/W sputtering 1 min with labels illustrated in Table 4.9.
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Figure 4.22. DLTS signal (bl) with a period width Ty, = 204.8 ms of different scan
cycles on Ti/W sputtering 1 min diode (B). The labels indicate the number of DLTS
scan cycles (Tempscan) marked in Table 4.9.

Figure 4.22 illustrates the DLTS scan signals on diode (B). The main evolutions of
DLTS signal take place at around 190 K. As indicated by the height of DLTS signal, the
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concentration of defect identified at 190 K is reduced owing to high temperature annealing.
However, this reduction recovers after storing at room temperature. On the contrary this
reduction in concentration due to high temperature DLTS scan (bias stress at high tem-
perature) could not be recovered even after 100 hours’ annealing at room temperature.
Another change on DLTS signals is uncovered at around 330 K, which indicates that cer-
tain deep level is annealed out during temperature scan. Annealing effect on this defect
level will be detailed discussed in section 5.3.2.

Isothermal DLTS tests have also been tracked as a complementary of simple profile
on low energy defect levels. Two negative peaks and one positive peak could be identified
in Figure 4.23. The concentration of energy level showing up with a period width of 1 ms
is always reduced after each experimental step. At present, there is no explanation to this
trend of such tiny energy level due to low temperature and small T, to the best of author’s
knowledge. Apart from the pure treatment at either high temperature or room temperature
where the influence on DLTS signal could be neglect, the effect according to bias stress
with high temperature is highlighted. However, the evolution is still odd, especially the
sharp increase after the last 100 hours’ annealing at ambient temperature (ITS-4 — ITS-5).
Even though the manner is strange on these two defect levels, there trend are consistent.
(i.e. The peak heights increase/decrease at the same time.) Considering the corresponding
I-V characteristics, it is safe to say that no special link exists between double-barrier be-
havior and those energy levels detected at extremely low temperature, and these levels at
extremely low temperature will be discussed in 5.3.5.
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Figure 4.23. Isothermal DLTS scan with variation of period width (Ty) from 0.6 ms
to 3 s on diode (B) of Ti/W sputtering 1 min sample. Labels of test number are illus-
trated in Table 4.9.
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In short, the double-barrier on Ti/W sputtering 1 min samples results directly from
high temperature treatment, which cannot be annealed out at room temperature. This high
temperature annealing could also reduce the concentration of the defect level at round 190
K, which can be recovered to some degree. On the other hand, the DLTS scan namely bias
stress under high temperature could reform and smooth the interface, if we think this une-
ven curve is due to the inhomogeneity of the Schottky contact, which leads to reduction on
low SBH region that can be annealed and smooth the interface condition. Furthermore, the
reduction on defect level around 190 K due to DLTS scan could not be recovered. Mean-
while, no clear connection between these two treatments (pure high temperature and bias
under high temperature) and those defects with tiny activation energy is found, and no in-
fluence is uncovered on I-V curves due to these defects.

4.3.3 Comparison on samples with different metal contacts
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Figure 4.24. Forward I-V characteristics between 80 K and 400 K measured in the
cryostat with a step of 20 K on samples of (a): Tungsten (S7); (b).: Titani-
um/Tungsten (S3); (c): Nickel (S2) and (d): Molybdenum (S8). Sample descriptions
are illustrated in Table 4.1.
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Figure 4.24 shows the forward I-V curves on diodes with 4 different metal contacts

(W, Ti/W, Ni and Mo) within a wide temperature range (80 K — 400 K). It is clear that

Ti/W and Mo diodes keep linear on log(I)-V curve under whole temperature range studied,
while the Ni sample always reveals a multi-barrier phenomenon. Furthermore, barrier in-

homogeneity shows up only under temperature below 100 K on W diode. The forward [-V

characteristics vary tremendously from one metal contact to another, especially the status

of SBH.
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Figure 4.25. Comparison of forward [-V curve at 80 K, 300 K and 400 K on four

SBDs with different metal contacts.
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Figure 4.26. Modified Richardson plot according to flat-band SBH of 4 diodes with

different metal contacts.
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In order to compare the I-V characteristics of samples with 4 metal contacts, their I-V
curves at 80 K, 300 K and 400 K are shown in the same plot (Figure 4.25). Apart from the
different SBH behaviors (i.e. single barrier or multi-barrier) discussed above, the incre-
ments of SBH differs as well. For example, the W diode appears with the highest SBH
among four diodes at 80 K, while its SBH value could be lower than that of the Mo sample
at high temperature.

Table 4.10. Flat-band SBH and effective Richardson constant of diodes with differ-
ent metal contacts extracted from MR plot shown in Figure 4.26.

Metal | @ge (V) | A" (A-cm?2.K?2)
W 1.48 585
Ti/W 1.11 32.7
0.82 4.84%x10°
Ni
1.16 4.60%x103
1.20 1.01x107
Mo
1.50 208
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Figure 4.27. (a):1/n-1 as a function of q/2kT (potential fluctuation model) and (b)
zero-bias barrier height @, as a function of q/2KT (Gaussian distribution model)
on 4 diodes with different metal contacts.

The modified Richardson plots according to ®,. on 4 diodes are illustrated in Figure
4.26, with the correspondent ®,. and A" extracted listed in Table 4.10. As is discussed in
4.3.21, two SBH regions are identified with MR plot on Mo diode even though its I-V
characteristic is always linear enough. Considering that different temperature zones are
dominated by different SBH on Mo, it is indicated that these two SBHs have similar I-V
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performance especially during the transient region, which results in the quasi-linear behav-
ior over the whole temperature range. On the other hand, only one SBH has been marked
on W diode since too little data on multi-barrier region (below 100 K) are measured to ex-
tract the lower SBH value. On top of that, the Ni diode always presents multi SBHs, which
results in two straight lines in the MR plot that cover full temperature range. However, the
calculated A" are rather small even when it comes to the high SBH region compared with
other diodes, which indicates the complex SBH status on the Ni sample.

Figure 4.27 shows the comparison of potential fluctuation model and Gaussian distri-
bution model, and those parameters extracted are listed in Table 4.11. It is clear that differ-
ent SBH regions can also be separated according to the potential fluctuation model, as pre-
sented in their MR plots. However, linearity degenerated on potential fluctuation fitting at
high temperature among all samples except the Mo one. Especially when it comes to the
Ni sample, no specific linear trend shows up at temperature higher than 300 K. Consider-
ing the excellent linearity on MR plot shown in Figure 4.26, the experiment error on tem-
perature and the calculation of ideality factor should be well controlled. On the other hand,
even though linear fitting works better on Gaussian distribution model at high temperature
(Figure 4.27b), same problem still exists, which indicates that other effect may take charge
when the temperature is high enough.

Furthermore, since o, reflects the speed that the measured ®,, increases when the
temperature rises up (Eq. (2.32)), large o7, on Mo sample of high SBH part compared to
that of W sample indicates the differences between measured @, (W) and ®,, (Mo)
should be reduced at higher temperature, which corresponds well with the I-V curves as
discussed above.

Table 4.11.Parameters in potential fluctuation and Gaussian distribution model of
diodes with different metal contacts extracted from plots shown in Figure 4.27 be-
tween 80 K and 400 K.

Metal P, py (mV) | @y (eV) | oy (VP
A\ 0.079 —7.48 1.61 0.01
Ti/W | -0.117 | -8.37 1.25 0.01
-0.078 -9 1.10 0.01
Ni
0.208 | —11.55 1.05 0.02
-0.175 | -15.23 1.75 0.02
Mo
0.054 | -5.58 1.17 0.01

In addition, this trend of growth could be much easily identified in Figure 4.28(a).
Apart from the irregular Ni diode, the SBH determined by C-V is closed to the highest
SBH (if multi-barrier exists) obtained from MR plot (Table 4.10).
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Figure 4.28. Temperature dependence on (a): zero-bias barrier height ®,, and (b):
the SBH extracted from C-V @, of diodes with 4 different metal contacts.

< DLTS results

DLTS tests have taken place on these 4 samples within the temperature range of 60 K
— 550 K, while I-DLTS was adopted for the temperature below 200 K, as shown in Figure
4.29 and Figure 4.30. The formats of DLTS signals above 200 K are similar: a double peak
below 300K; a sharp high one near 380 K and another overlapped peak around 550 K.
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Figure 4.29. Comparison of DLTS signal (correlation bl) between 200 K and 550 K
on 4 diodes with different metal contacts.

Regarding the overlapped peak at high temperature (550 K), signals almost complete-
ly coincides except the Ti/W one, which indicates this overlapped peaks namely RD,),
could be intrinsic defect levels on SiC regardless of metal contact or fabrication process.
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Meanwhile, it could be found on Ti/W sample that the right side of the overlapped peak
corresponds well with other signals, which means the error from temperature record could
be ruled out. However, the left side of this peak on Ti/W diode is lower compared to others,
which indicates the defect levels with lower activation energy do differ from diodes with
other contacts.

When it comes to the highest peak around 380 K, the difference only lies in the signal
magnitude. In other words, this defect level (NB center) should also be a common one but
could be influenced by the surface contact or treatment process.

In addition, the defects below 300 K which have been marked as Z;,, (or Z,/Z,) are
more complex among samples studied. This should mainly be due to the variation of de-
fect concentrations and their proportions, which result from different manufacturing pro-
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Figure 4.30. Comparison of I-DLTS signal (b1) with a period width of 204.8 ms and
temperature range (a): 20 K to 60 K and (b): 70 K to 170 K.

However, on the other hand no obvious difference can be distinguished on lower
temperature part (60 K — 200 K). Considering the shallow doping controlled during pro-
cess are similar among all samples according to the C-V measurements, these defects dis-
covered with low activation energy should be intrinsic common defects (e.g. shallow lev-
els of nitrogen doping).

Furthermore, more negative signal appears at 20 K especially on W and Ni samples,
that suggests the existence of levels with tiny energy. These energy levels that show up at
extremely low temperature will be discussed in 5.3.5.

Figure 4.31 shows the activation energies and their capture cross sections of defect
levels from Arrhenius analysis according to the DLTS spectra in Figure 4.29 and Figure
4.30. Defect concentrations are not presented here as they directly relate to the heights of
DLTS signals. No specific defect level owing to different metal contacts is recognized
among these diodes. Most defects could be separated with no doubt since there activation
energies are closed to each other and near the defects that have been identified, except the
double level Z;, and RD;,, where larger error may exist during the analysis.
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Figure 4.31. Mapping of defect activation energy compared to the conduction band

and its capture cross section with the help of Arrhenius analysis based on DLTS re-

sults on 4 diodes with different metal contacts. Those points circled with dash lines
are suggested to originate from the same defect labeled beside.

An interesting phenomenon is that a linear relation could be identified from the ex-
tracted activation energies and capture cross sections, especially on NB center and the en-
ergy level around 0.15 eV where the defect level is easy to analyze thanks to the sharp
peak of DLTS signal. This will be detailed studied in section 5.3.2.
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5.1 PiN diode

5.1 PiN diode

5.1.1 Sample overview

The 10 kV 8 A 4H-SiC PiN diodes fabricated by Supergrid have been characterized
with static measurements and DLTS. The diodes with a square size of 3 pPm>3 pm have
been realized by Junction Termination Extension (JTE) technique. On top of that, in addi-
tion to a short annealing of 2 minutes at 950 ‘C following the deposition and etching of
Ti/Al/Ni, a 2 hours’ annealing at 300 ‘C has been performed after the final passivation.

5.1.2 Experiment setup

Two PiN diodes on the same wafer labeled (L) and (R) have been investigated, while
the second diode (R) was only involved in the annealing test that will be discussed later.
All measurements here have been taken out with the help of DLTS system described in the
former chapters. I-V characteristics were normally measured during the DLTS Tempscan
with a range of forward bias from 0 V to 4 V at every 0.01 V, while current limit (0.01 A)
has never been reached due to the relatively high series resistance of DLTS system. The
temperature interval for -V was 20 K if above 150 K, while that became smaller when
cooling down. Capacitances at either reverse bias or pulse condition have also been
marked during DLTS.

In order to rule out the effect on high temperature annealing during DLTS, two quick
tempscan were adopted from 300 K to 550 K and back to 300 K with almost 2 hours on
each direction. An additional 30 min annealing at 550 K has been added with tiny bias (—
0.01 V) between these two tempscans.

After a first DLTS tempscan from 20 K to 550 K along with the I-V characterization
explained above, other DLTS with variation of either U, or T, have been used to investi-
gate the characteristics of defect levels. I-DLTS mainly took charge of extracting the de-
fect levels at low temperature, where two temperature ranges (20 K — 60 K) and (60 K —
280 K) were separated to avoid losing accuracy. On top of that, those energy levels closed
to conduction band have also been discovered thanks to the isothermal DLTS at 17.4 K.
Specific conditions on DLTS measurements will be explained at each part.

5.1.3 Static Characterization

Figure 5.1 shows the forward [-V curves measured during the DLTS tempscan. It is
clear that those curves on log(I)-V plot show traditional characteristics of PiN diode except
those three below 40 K, where the free-out effect of shallow levels cannot be ignored.
Measured current deviate linear under small bias with smaller slope, which is mainly due
to the recombination current similar to that discussed in Schottky diode, while the charac-
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teristics with higher bias seem more ‘ideal’ and will be the main region for extracting elec-
tric parameters. Considering the series resistance as cited, even those maximum voltage
applied should always be 4 V for each measure, the sample bias after normalization could
seldom reach that and results in the bending of log(I)-V curve at high current levels.
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Figure 5.1. Forward I-V characteristics on diode (L) from 20 K to 550 K.
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peratures according to linear regions with relatively high current illustrated in
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with red circles were those measured at lowest temperatures (labeled beside the
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5.1 PiN diode

As shown in Figure 5.2(a), if we ignore those values measured below 80 K where
freeze-out takes charge, the ideality factor first rises up with increase of temperature, and
then drops almost linearly after reaching its maximum at 275 K. Since n represents the
component of current, or in other words, whether diffusion current (n=1) or recombina-
tion current becomes the main issue, the recombination current plays an important role un-
der the middle temperature (250 K — 450 K). On the other hand, I, increases rapidly at
low temperature, and becomes almost saturate after 300 K.

More interesting result could be seen in Figure 5.2(b), where a relationship similar as
the so called Modified Richardson plot discussed in 2.4.6 is perfect represented if those
three points with carrier freeze-out are ruled out. Consider the ideal equation that describes
the general I-V characteristics of the PiN diode:

Qv
I =1,| e _1j (5.1)

The linear relationship shown in Figure 5.2(b) indicates that the saturation current I,
obey certain temperature relation:

v
|, =ST%" (5:2)
where S is the effective surface of the diode, y is the constant parameter determined
by the plot. By reminding the temperature relationship given by diffusion theory that

EQ

I, —T7e K (5.3)
where the forbidden band gap E, = E,(0)+ AT if we assume it changes linearly with
temperature. By comparing Eq. (5.3) with (5.2), it could be found that y =2 in this case.
Moreover, instead of linear increase on E; with temperature, the measured effective for-
bidden band gap E;" that given by E;" = E,(0)/n should be more suitable for characteris-
tic analysis. By introducing E;ﬁ , the band gap calculated according to the slope in Figure

5.2(b) is 3.11 eV, which matches well with the theoretical value listed in Table 1.1.

5.1.4 DLTS characterization

% Tempscan: variation of U,

Figure 5.3 shows DLTS spectra under various U, . Generally speaking, the absolute
height of both positive peak and negative peak rise up with increase of the pulse voltage.
This could be simply explained by enlarged depletion region under bias approach to zero,
which results in more active volume on defect detection. However, 3 different types of
negative peaks show up in this case: (a) The height of the signal peak increases gradually
for the negative peaks around 75 K [Figure 5.3(b)]; (b) The peak could only be identified
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with a minimum pulse voltage (—1 V) and increase obviously with variation of U, (the
peak near 130 K); (c) with the same threshold as (b), but is almost independent on U, (the
peaks around 270 K and 500 K). This indicates the existence of three different hole traps.

For the first one (75 K), they should be the common defect levels all over the diode,
and the freeze-out effect could also contribute to this phenomenon as the freeze-out can be
affected by the bias voltage.

It can be easily come up with that the second one (130 K) owing to the hole trap that
lies close to the interface with large concentration, which may originate from the interface
states. As a result, the detected defects depend not only on the trap concentration, but also
on the concentration of hole injected in the zone of investigation. Therefore if the pulse is
too small, the effective detection zone could not be reached where enough holes exist, and
leads to no peak shown up at small reverse bias. Meanwhile, even when the U, is large
enough to show the peak in the DLTS signal, the concentration of hole injected is still not
able to fill all the traps under relatively small U, , and this could be released by increasing
the bias, which leads to the obvious increase on DLTS results with large U, .

The threshold for the 3™ type of defect levels should be the same as the second one,
while the difference should lie in the defect type. Unlike the 2™ type that is possibly due to
the interface traps, this trap level may be due to intrinsic hole defects, which exists among
the material except the region near interface. In that case, the peak height of DLTS signal
trends to saturate even under high pulse bias because of the boundary of the defect.
Meanwhile, the effect of increasing on injected hole concentration in the detective zone
should also be neglected since the defect concentration is small and easy to be fulfilled.

On top of that, the positive peak at around 300 K performs commonly except under
large pulse voltage, where the height of peak should be influenced by the appearance of
the negative one.
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Figure 5.3. (a): DLTS spectra under different pulse voltages U, between 20 K and
550 K with Tw=204.8 ms, U, =—10V, T, =100 . (b) shows the same signals with
a temperature range from 60 K to 90 K.
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5.1 PiN diode

% Tempscan: variation of T,

Figure 5.4 shows the DLTS spectra with various of T, from 1 & to 100 k. It can be
seen that all negative peaks only appear with pulse width no smaller than 20 s, which
should be the minimum time for hole injection. Most of the negative peaks tend to saturate
even with larger T, as is the feature of the point defect, except those around 70 K. This in-
dicate that the hole defects detected at low temperature are complex defects such as line
defects or dislocations.

On the other hand, the defect of electrons according to the positive peak at 300 K
shows up with small T, (1 p5). Meanwhile, this electron level should also be due to the
point defect since the signal no more changes under large pulse width.
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Figure 5.4. (a) DLTS spectra under different pulse width from 20 K to 550 K with
Tw=204.8 ms, U, =—10V, U, =—-0.1V. (b) is the same signals with a temperature
range from 60 K to 85 K.

R/

s DLTS spectra with different T, : strong and weak hole injection

As discussed before, the threshold voltage for the hole defect detection lies around
U, =—1 V. Therefore, we define here the conditions of strong hole injection with U, =—
0.1 V and weak hole injection with U, =—2 V, as shown in Figure 5.5(a) and (b). A nega-
tive peak around 80 K shows up under bother strong and weak hole injection conditions.
This abnormal phenomenon may be linked to the negative-U center discussed in 5.3.4. In
addition, unlike other peaks that do not change their heights with different period widths,
the height of the negative peak around 130 K increases with decrease of the period width.
This may due to the freeze-out effect that will be discussed later. Generally speaking, un-
der the temperature region where freeze-out takes place, the smaller T, we use, the higher
temperature the peak will appear on the DLTS spectra, the less freeze-out will influence
and as a result, the higher the signal peak will be obtained due to larger reverse capaci-
tance. However, this negative peak still exist at weak hole injection condition with a period
width of 2.048 s, which could hardly be explained as the height of the signal peak should
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be the smallest compared to those short T, , except it performs as negative-U centers dis-
cussed later.
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Figure 5.5. DLTS spectra (20 K — 550 K) with three different period widths for (a):

strong hole injection with U, =—0.1 V and (b) weak hole injection with U, =2 V.

Other parameters are as follows: U, =—10V, T, =100 Ws. The flat area with no
peak identified above 400 K in (b) are hided for better illustration.

On top of that, attention should be paid on the positive peak around 90 K as shown in
Figure 5.5(b), which reveals the existence of an electron trap. Even though it could be
clearly identified under weak hole injection, it is easy to be ignored under strong hole in-
jection, due to either signal compensation or scale effects due to the large negative signal.
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Figure 5.6. I-DLTS signal with a period width of 204.8 ms of both weak and strong
injection condition for the PiN diode within the temperature range of (a): 20 K — 60
K and (b): 60 K — 200 K.

As explained, I-DLTS were adopted in order to extract the defect levels accurately
with Arrhenius analysis. The I-DLTS spectra for conditions of both strong and weak hole
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5.1 PiN diode

injection between 20 K and 200 K are illustrated in Figure 5.6. Those results of [-DLTS
over 200 K are not shown here because no further peak could be recognized till 280 K.
Same settings for I-DLTS were adopted as explained in 4.2.4 except the pulse voltage. 5
peaks can be recognized including the one at ~ 20 K which is not fully displayed. However,
only negative peaks are obtained from [-DLTS, which is quite different from the capaci-
tance DLTS spectra where the defect levels according to either electrons or holes are indi-
cated by the sign of the peak among DLTS signal. Therefore to characterize the defect lev-
els, C-DLTS are also taken into consideration in the Arrhenius analysis.

% Arrhenius analysis: I-DLTS

Table 5.1. Calculated deep level parameters based on Arrhenius plot by I-DLTS
measurement between 20 K and 280 K for both strong and week hole injection. The
defects are indicated by the position of the negative peak shown in Figure 5.6.

E, V) o (ecm®) N; (ecm®) | E, (V) o (cm®) N; (cm™)

T (K)
Strong hole injection Weak hole injection

22 0.032  3.04x10"°  232x10"” | 0.033  6.87x10"° 1.81x10"

46 0.098  1.62x10™"°  236x10"” | 0.097  7.32x10™  1.74x10"

75 0.117  222x10"°  1.19x10™ | 0.099  1.91x10"¢ 8.73x10"

127 0.167 251x10™  1.00x10"” | 0.163  1.92x10"®  8.67x10"

152 0.178  525x10"  1.11x10"™ | 0.194  1.81x10"  1.94x10"

As listed in Table 5.1, those extracted trap levels are quite similar for both strong hole
injection and weak hole injection. Therefore the extracted defect levels are due to electron
levels only. Compared with that form the SiC SBD as listed in Table 4.7, some common
defects can be identified (e.g. the level of shallow doping).

% Arrhenius analysis: C-DLTS

Those calculated trap parameters according to the convention DLTS as shown in Fig-
ure 5.4 and Figure 5.5 are listed in Table 5.2 by means of condition on both strong and
weak hole injection. Owing to the influence of the hole trap under strong hole injection
where a compensation of signal could take place, most of the electron traps could not be
well recognized under strong hole injection except the one near 300 K. As will be dis-
cussed in detail later, this electron trap should be identified as Z;,, even though it could not
be accurately separated at present. No direct link can be found between the extracted hole
traps and that list in Table 5.1, which suggests that hole traps could not be well recognized
with I-DLTS.
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Table 5.2. Calculated deep level parameters based on Arrhenius plot by C-DLTS
measurement for both strong and weak hole injection. The defects are indicated by
the position of the peak shown in Figure 5.4 and Figure 5.5 with the period width of
204.8 ms, while the activation energy is related to either conduction band (electron
traps) or valence band (hole traps).

TX) E (V) o (em’) N; (cm?®)  Type

Strong hole injection

66 0.160  5.71x10"°  2.68x10" hole

125 0.296  9.97x10™  4.15x10" hole

270 0.625 2.16x10™  6.58x10'>  hole

300 0.667  6.19x10"°  4.47x10"*  electron

515 1.431  7.02x10"°  1.86x10'  hole

Weak hole injection

85 0.166  2.80x107"°  4.00x10"" electron

296 0.656  4.45x10°"°  4.89x10" electron

382 0.806  9.13x10"®  8.19x10' electron

R/

s Trap levels identification

Taking into consideration of the results from both C-DLTS and I-DLTS, the extracted
trap levels in the investigated PiN diode are listed in Table 5.2. Those calculated based on
C-DLTS under low temperature are ruled out and are only used for reference owing to the
freeze-out effect. Apart from those electron levels discovered in SiC SBDs, two hole traps
are reported here. The electron traps around 76 K and 382 K are extracted with weak hole
injection condition, while they tend to disappear under strong hole injection due to the in-
fluence of the hole trap at 66 K and 515 K.

In addition, when it comes to the Z,,, that usually reported as the overlapped energy
levels, we fail to separate that with accurate analysis. However, the existence of the second
energy level around 300 K could be suggested from the HERA analysis as shown in Fig-
ure 5.7, even only few points are involved in the trap determination on the first level. And
considering the peak position in the spectra and its activation energy compared to that of
the SBD discussed, it is safe to classify it as the intrinsic defect Z;,,.
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5.1 PiN diode

Table 5.3. Trap levels identification. The type C or I indicates the measure used (C-
DLTS or I-DLTS), while the (e) or (h) in identification points out the defect type
(electron trap of hole trap).

Type | T (K) | E, (V)| o (cm® | N; (em™) | Identification | Reference

22 0.032 | 3.04x10"% | 2.32x10"

(e) Nitrogen | [24, 70, 136]
46 0.098 | 1.62x10™" | 2.36x10"

I 75 0.099 | 1.91x10™° | 8.73x10" (e) \

127 0.167 | 2.51x10™ | 1.00x10"

(e) Cr/Ti [45, 58, 136]
152 0.178 |5.25x10" | 1.11x10"

270 | 0.625 |2.16x10™ | 6.58x10" (h) Vip [137, 138]

300 | 0.667 |6.19x107"° | 4.47x10" () Zi» [62, 133, 134]
C

382 | 0.806 |[9.13x10™° | 8.19x10" | () NB center [135]

515 | 1.431 | 7.02x10" | 1.86x10" (h) V¢ [139]

1 Level chETI [eV] Isig‘ma‘[cmz] INT [cml_S] C;rrel |

¥20 1 0.671 1.22E-14 1.50E+12|0.99287

?g 2 0.659 4 _93E-15 4_91E+12|0.99942

i 3 0.735 1.37E-16| 8.50E+10|0.97402

£ 64 i

60

56

2.6 3.0 34 3.8
1000/T [1/K] —

Figure 5.7. HERA analysis results for the defect between 250 K and 450 K, the ex-
tracted level 1 and 2 indicate the possible overlap of the trap levels.
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5.2 MOSFET

5.2.1 Introduction

As another important structure, Metal Oxide Semiconductor Field Effect Transistor
(MOSFET) based on SiC is commercially available for thousand voltage class, and is quite
active in especially the space applications. However, the reliability of the gate oxide is al-
ways a key focus that could greatly influence the device performances. In major position
in the risk sheet will appear the failure modes related to the SiC MOSFET and failure
mechanisms related to the gate oxide.

High Temperature Gate Bias (HTGB) test, as part of the existing standard tests, is
widely adopted for power MOSFETSs’ reliability qualification, especially the gate oxide
robustness [140-142]. Based on test conditions, Threshold Voltage (V,, ) could be either
improved or degraded after HTGB [143].

SiC devices in satellites face harsh radiation environment with high energy charged
particles, where Total Ionizing Dose (TID) effect becomes a significant issue by reducing
channel mobility and generating electron-hole pairs which could be trapped by increased
oxide/interface trap concentration, and the electronic characteristic may be strongly affect-
ed [144, 145]. The annealing effect under high temperature has also been proved for de-
vice recovery, especially when proper electric field is applied during annealing process
[146, 147]. Furthermore, for long lifespan exploration mission, SiC devices will encounter
electro-thermal aging and TID issues at the same time. There is a large literature on TID
effects on SiC diodes, MOS capacitors and transistors [147, 148]. But to our best
knowledge, there are few reports on the synergetic effects of HTGB and TID on SiC
MOSFETs. Therefore it is necessary to investigate the synergetic combination of HTGB
and TID, which should be considered as an candidate to evaluate SiIC MOSFETs.

5.2.2 Experiments setup

30 n-type 1200 V, 22 A commercial SiC power MOSFETs (Rohm SCT2160KE)
were characterized. HTGB test has been performed under 200 ‘C and gate bias of 22 V
(other terminals grounded) for 0 hour (reference), 162 hours and 332 hours respectively.
Samples after HTGB were sorted out in two groups (10 for each) before radiation, while
the rest 10 were stored at room temperature for control purpose. Co60 Y -ray TID radia-
tion was carried out in IONISOS Company (Lyon, France) with a Gamma reactor and total
dose of 1 kGy, 3 kGy, 5 kGy and 10 kGy respectively. Devices were kept in small card-
board boxes and pins were all grounded during the dynamic TID radiation at room tem-
perature and in air, in order to ensure no additional stress was applied. Even though the
dose rate was not constant, which varied in the range 0.5 to 1 kGy/h, total dose was closely
controlled by dosimeters on 2 opposite sides of the cardboard boxes. The average doses
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5.2 MOSFET

measured were 1.1 kGy, 3.3 kGy, 5.1 kGy and 10.7 kGy. However no separation will be
drawn between target dose and real dose below as their deviation is negligible.

l V., and output characteristic of MOSFETs were measured using B1505A Power
Device Analyzer / Curve Tracer (Keysight), while 1 and C, were characterized using
B1506A Analyzer (Keysight) before and after each experiment (HTGB and/or radiation).
Detailed characterization conditions are listed in Table 5.4.

Table 5.4. Main electric parameters tested and test condition.

Symbol | Name Measure Condition

V,, gate threshold voltage V@l =2.5mA, V, =28V

| ies drain-source leakage current Ve =0V, V, from0Vto-1200 V

Ci input capacitance V,, from 100 mV to 100 V,AC=0.03 V
l e gate leakage current Vi =0V, V, from-6Vto22V

A time delay was unfortunately introduced between HTGB and/or radiation and char-
acterization: i.e. about 30 minutes to one hour of natural cooling down to room tempera-
ture for HTGB and several hours for collecting back samples after TID from the remote
facility. The time delay on part of TID is listed in Table 5.5.

Table 5.5. Maximum time delay between the end of radiation and first characteriza-
tion following TID test.

Target dose (kGy) Real dose (kGy) Time delay (h)

1 1.1 42
3 33 16
5 5.1 6
10 10.7 76

5.2.3 Experimental results

5.2.31 HTGB

As shown in Figure 5.8, V, shifts by 14.1% and 16.4% after 162 and 332 hours of
HTGB. However, the changes in | are negligible. As the Bias Temperature Instability
(BTI) has been well explained by electrons directly electric-bias depending tunneling to
and from near-interfacial oxide traps namely E’-type oxide defect associated with an oxy-
gen vacancy, this observed V,, increase is due to accumulation of trapped electrons [143,
149, 150]. Unlike High Temperature Reverse Bias (HTRB) which commonly leads to
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leakage current increase [141, 143, 149], no obvious high drain-source leakage current was
observed. Meanwhile, shift of C, curve could also reflects the enhancement of V,,, as
shown in Figure 5.9, because C,, evolution mainly originates changes in gate-to-drain ca-
pacitance (C, ) when it comes to commercial power MOSFETs, which is directly related
to threshold voltage [151]. After HTGB stress, the DUTs not involved in TID test re-
mained at room temperature for a week without electrical bias, as shown in Figure 5.10.
The variation of V,, is rather limited over time so it is considered as negligible. The varia-

tion of C,, is also considered as non-significant over time but not with V,, (Figure 5.9).
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Figure 5.8. (a): Original threshold voltage for all 20 samples involved in HTGB test
and (b): Dispersion of normalized Vth before (left part) and after HTGB (right part),
with 10 MOSFETs for each group (162 h or 332 h). The first 10 samples (ID R2201
to R2210) belong to 332 h HTGB test and the rest 10 are in the 162 h group. Nor-
malized V,, was separately calculated.
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Figure 5.9. Input capacitance C, as a function of applied drain-source voltage V,
on 162h-HTGB device (R2217) and 332h-HTGB device (R2207) before and after

HTGB along with data measured after room temperature annealing for a week.
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Figure 5.10. Time dependence of normalized threshold voltage during one week af-
ter HTGB. No bias was added during this annealing at room temperature.

5.2.32 TID radiation effect
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Figure 5.11. Threshold voltage shift as a function of radiation dose with different
HTGB time, compared to the value right before the radiation experiment. Open
symbols present data measured after annealing. X-axis is slighted adjusted within
each TID dose group for better reading.

Even though no electric field was applied during TID radiation, threshold voltage V,,
was still greatly affected by radiation dose on all samples, as illustrated in Figure 5.11.
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This means that a considerable part of holes generated due to radiation should have been
captured within the oxide near interface even under zero-bias condition. The samples with
HTGB of both 162 h and 332 h suffered in a larger manner with larger V,, shift. On top of
that, considering the positive shift in V,, as Figure 5.8 shows, even though HTGB does
amplify degradation during TID test, the total shift in V,, was still no larger than the one in
non-HTGB samples compared to their virgin values.

% Drain-source leakage current |

dss

As shown in Figure 5.12, all samples suffered a higher drain-source leakage current
with increased radiation dose. HTGB could mitigate this deterioration. However, leakage
current of samples with 332 h HTGB is much larger than in 162 h HTGB ones. So regard-
ing 1,., HTGB combined with radiation do not produce similar trend as for V, . This in-
creased leakage levels either due to V, lowering or sidewall/peripheral leakage path for-
mation [151]. The latter one could especially dominate in thin gate oxide MOSFETs due to
build-up of defects in the sidewalls of the shallow trench isolation oxide near the main
conduction channel [152]. The shifts on V, correspond well with the I
shown in Figure 5.12, which indicates that leakage current should mainly be related to the
degradation on V,,. Meanwhile, we suggest that although all the samples in TID benefit
lower 1, from HTGB, long HTGB samples (HTGB-332h) suffer higher leakage current
due to formation of sidewall leakage path that results from additional activated defects
near interface during long time HTGB compared to HTGB-162h samples.
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Figure 5.12. Drain-source leakage current @V,, = 1200 V and the shift on thresh-

old voltage as a function of radiation dose and HTGB time. Several |, much lower

dss
in 1 kGy group are not shown here. Open symbols present data measured after an-
nealing and the half-filled symbols are the threshold shift compared to their origi-

nal values. X-axis is slighted adjusted within each TID dose group for better read-
ing.
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5.2 MOSFET

< Gate leakage current |

MOSFETs tested also suffered a higher gate leakage current 1 under high radiation
dose, as illustrated in Figure 5.13, which may be due to the charges captured in the gate
oxide where the quality is relatively low by multi-trap assisted tunneling [153]. HTGB could
possibly reduce this deterioration to a small extent. However, the recovery of | at room

temperature could be clearly identified especially in samples with higher dose, which is
different from either V,, or |
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Figure 5.13. Gate leakage current @V, = 22 V as a function of radiation dose and
HTGB time. Open symbols present data measured after annealing. X-axis is slighted
adjusted within each TID dose group for better reading.
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Figure 5.14. Normalized input capacitance @V,, = 0.1 V as a function of radiation

dose and HTGB time. Open symbols present data measured after annealing. X-axis

is slighted adjusted within each TID dose group for better reading. The insert shows
the variation of C,, due to HTGB before TID.
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% Input capacitance C

Input capacitance increased with the increase of radiation dose (Figure 5.14). This in-
crease was enhanced on samples with HTGB.

Annealing Effect at Room Temperature

Since some time-delay exists between sample collection after TID radiation and char-
acterization, it is difficult to evaluate any quick annealing right after the radiation. Howev-
er, almost no annealing was observed at room temperature except | during our track for
one week starting several hours after radiation. It is safe to say that no quick annealing was
involved.

5.2.4 Discussion

The whole synergetic effects could be explained by a HTGB-assist-TID model as
shown in Figure 5.15. A negative charged layer is generated after HTGB due to tunneling
and capture of electrons. This will generate electric field that can accelerate the hole dis-
placement during TID irradiation. However, as the electron-hole pairs’ generation process
takes place in each device, the influence on the accumulated electron layer should be ne-
glected. In this case, the electric parameters shift would be enhanced with HTGB samples
when focus only on TID process. Nevertheless, as the net charge near interfacial is more
negative compared to the case of no HTGB samples, the total degradation is always lower
if pre-HTGB is presented. This corresponds well with our resultin V,, and C, .

TID () HTGB
generated field by Ec
electrons
—————————————————————————————— Er
EV

applied gate bias during HTGB

(c)

& electrons €D holes X interfacetraps * oxide traps

Figure 5.15. lllustration of band diagram near interface during HTGB (right) and
TID (left), with the marked process (a): electrons directly tunneling and capture (b):
electron-hole pairs generation due to irradiation and (c): holes displacement and
capture.

As the synergetic effects mainly focus on charge capture near semiconductor/oxide
interface, post-oxidation annealing in NO could be a candidate solution for reducing the
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5.2 MOSFET

instability due to traps passivation, especially those interface traps [154, 155]. Irradiation
resisted dielectrics such as HfO, are also worth trying according to lower trapping effi-
ciency during TID [156]. Meanwhile, proper pre-HTGB treatment (162 hours in this work)
could greatly improve the performance after TID radiation, especially on drain-source
leakage current, which could be of interest for further investigation.
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5.3 Discussion

5.3.1 Freeze-out effect

According to Eq. (2.22) and (2.23), the measured capacitance under certain reverse
bias should decrease gradually when the sample cools down. However, that is no longer
valid under cryogenic temperature. As shown in Figure 5.16, two sharp drops of capaci-
tance appear at around 40 K and 100 K on both forward and reverse bias conditions.
Moreover, similar trend shows up among all the SiC devices tested including those SBDs
with different metal contacts. This measured capacitance gap at 40 K with DLTS test has
also been report by Menichelli et. al., and is contributed to the freeze-out of the shallow
doping [66].
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Figure 5.16. (a): pulse capacitance and (b): reverse capacitance with a bias of —10
V measured during DLTS scan between 20 K and 550 K on PiN diode discussed in
section 5.1.

Even though energy level of shallow dopant usually lies near the conduction band (n-
type) or valence band (p-type), a number of dopant will still be frozen and cannot be fully
activated if the temperature is too low compared to their activation energy. These majority
traps have been investigated through various techniques during experiments such as admit-
tance spectroscopy on 6H-SiC [157] or traveling-wave method on 4H-SiC [158]. The
more general case has been summarized by Los et al. as list in Table 5.6 [159].

Due to the structure especially the atomic stacking arrangement of either 4H- or 6H-
SiC where two types of bonding namely zinc bonding (cubic) and wurtzite (hexagonal) ex-
ist, the activation energy of doping traps are separated with h-site (hexagonal) and k-site
(cubic) respectively [7]. Therefore the capacitance gaps in Figure 5.16 present the transient
region where carriers on certain site start to be frozen and trapped. And as a result, the tra-
ditional DLTS with capacitance measurement could no more provide the accurate results
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5.3 Discussion

and the current DLTS or other types discussed in 3.4.1 should be used in low temperature
region in order to extract the information on traps with the help of Arrhenius analysis.

Table 5.6. Activation energies of common SiC doping impurities summarized in

[159].
N donor Al acceptor B acceptor
) 52.1 mV h-site
4H-SiC . 0.19-0.23 eV 0.258-0.39 eV
91.8 mV k-site
81 mV h-site
6H-SiC  137.6 mV k;-site 0.20-0.25 eV 0.27-0.40 eV

142.4 mV k,-site

5.3.2 Relationship between activation energy and capture cross
section of certain defect level.

As is indicated by Figure 4.31, there seems to be certain relationship between the ex-
tracted activation energy E, and its capture cross section o for those trap levels with the
same origin. Another two SBDs of Ti/W sputtering 1min (S4) have been investigated with
the help of DLTS in order to reveal more details on this phenomenon.

R/

s Test setup

In order to introduce the uncertainty, a diode with the largest surface (2.48 mm?) la-
beled diode (L) and another with the smallest surface (0.155 mm?) labeled diode (S) were
involved in this test. DLTS have been taken out between 80 K and 400 K with numerous
combinations of T, and T, , and the parameters extracted from Arrhenius plot are based on
single period width which is different from that we did in Chapter 4. A bias range from —
0.5V (U,) to 0.6 V (U, ) were adopted for all the DLTS scans which is commonly not
recommended for DLTS as more noise will be involved if the pulse height (U, —U, ) is too
small.

< Results

As shown in Figure 5.17, a number of possible peaks labeled from A to J have been
revealed with peak analysis from Origin software, while another peak K is marked for the
diode (S) which may due to the signal noise of single point and can be neglected. Similar
trap levels could be corresponded between these two diodes even though the height of
peaks can vary a lot. This may due to the different surface conditions since the target re-
gion of DLTS test here is more closed to the interface and can be much easily influenced
by noise. Three clear peaks namely A, E and H have been analyzed with DLTS Maximum
Analysis in order to ensure the accuracy. However, not all combination of T, and T, re-
sulted in the effective analysis on these three defect levels, and only those valuable data
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are used in the following discussion which leads to the difference on number of tests of
these trap levels.
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Figure 5.17. DLTS signal and the peak analysis by Origin on (a): diode (L) with T,
=1ms, T, =100 ms and (b): diode (S) with T, = 1 ms, T, = 200 ms between 80 K

and 400 K. The sizes of the Alphabets represent the height of each individual peak.
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Figure 5.18. Extracted (a): activation energy relate to conduction band E.—E, and
(b): capture cross section as a function of the test batch with different T,-T, com-
binations of peak E on diode (L), along with their correlation on linear fitting dur-

ing Arrhenius analysis.

As an example, the extracted activation energy and capture cross section of peak E on
diode (L) are illustrated in Figure 5.18. Most of the analyzed results are well fitted with
high correlation, especially the first 15 data. An interesting thing is that both activation en-
ergy and capture cross section in logarithmic coordinates have the same form, which indi-
cates a linear connection between them. By plotting the log(c) as a function of E, as
shown in Figure 5.19(a), a perfect line appears. This relationship suggests that even though
the correlation of no. 16 point in Figure 5.18 is not high enough, this extracted data should
still belong to the level of peak E. On the contrary, two points marked red in Figure 5.19(b)
largely deviate from the linear fitting of other points, which suggests that these two points
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5.3 Discussion

extracted from the Arrhenius plot may belong to other trap levels (e.g. peak I) or due to the
experiment error during the analysis.
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Figure 5.19. Linear relationship between activation energy and capture cross sec-
tion of (a): peak E and (b): peak H on diode (L). Two points marked red in (b) are
suggested to be the error data and are not used in the linear fitting.
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Figure 5.20. Linear relationship between activation energy and capture cross sec-
tion of all three peaks (A, E, and H) on diode (L) and diode (S). Several points of
peak H are suggested to be the error data and are marked red.

This linear relationship will be clearer if we draw all the points of three trap levels to-
gether, as shown in Figure 5.20. Although the overlap of extracted E, exists between peak
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E and peak H, three groups of fitting lines are distinct and relate to different peaks illus-
trated in DLTS signals. We define the analytical average here as

. Y (n)
;1 CorreIY(n)

~1- CorreIY(n)

where Y could be either E,, N; or log(c) and the CorrelY(n) represents the corre-
sponding correlation of fitting during Arrhenius analysis as explained in Figure 5.18.
Therefore, the average parameters of each trap level could be calculated and listed in Table
5.7 along with the corresponding linear fitting parameters shown in Figure 5.20.

(5.4)

Avg(Y) =

Table 5.7. Calculated trap parameters on average based on Eq. (5.4) along with he
slope and intercept of linear fitting of each peak shown in Figure 5.20.

Parameter Diode (S) Diode (L)
Average E, (eV) 0.142 0.131
Average o (cm’) 1.23x 1077 3.86x 10"
Peak A Average N, (cm™) 3.00x 10" 3.19%x 10"
Fitting slope 50.0 54.0
Fitting intercept -22.0 -22.5
Average E, (eV) 0.395 0.427
Average o (cm?) 3.98x 1077 232x10™
PeakE  Average N, (cm™) 1.51x10" 2.43%10"
Fitting slope 23.6 24.0
Fitting intercept -23.7 -23.9
Average E, (eV) 0.568 0.608
Average o (cm?) 5.69% 107 1.17x 10"
PeakH  Average N, (cm™) 3.29 x 10" 1.84x 10"
Fitting slope 18.5 14.4
Fitting intercept -26.0 -23.6

The averaged trap parameters of each defect level are similar on both diodes, with a
relatively large mismatch on peak H due to the complicity of the overlapped energies. On
the other hand, those slopes and intercepts are also in great agreement on each peak, ex-
cept the slope of peak H on diode (S) which is owing to the limited arrange of extracted
data compared to diode (L) as shown in Figure 5.20. Meanwhile, whatever the diode is, the
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5.3 Discussion

fitting intercept of all three levels are quite close to a value around —23 while the slopes are
distinct on each peak. This indicates that certain relation between E, and o exists and can
be expressed as:

log(c)=u-E, +Vv (5.5)

where U and v are constant parameters only related to the trap. By using the natural
logarithm and bringing Eq. (5.5) in the expression of Arrhenius plot [Eq. (3.10)], it can be
deduced that:

In(z,vy, ,N¢) = Ea(i—uj—v (5.6)
’ KT

where the left part of the equation mark usually relates to the y-axis of the Arrhenius
plot. This means that if the temperature equals (ku )'l, the value of y-axis on Arrhenius
plot should always be v when focusing on certain trap level. Or in other words, this ‘fixed
point’ on Arrhenius plot indicates that at one trap level is easier to be discovered around
this ‘fixed temperature’, which could be an intrinsic characteristics to separate different
defect levels.

5.3.3 Annealing effect during DLTS

In addition to the annealing effect on trap level around 190 K as shown in Figure 4.22
and discussed in 4.3.22, the annealing (or to be more precise, the bias stress under high
temperature scan) during DLTS will influence the trap levels that appear at higher temper-
ature region as well.
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Figure 5.21. DLTS signal (correlation bl) with a period width of 204.8 ms on (a):

Ti/W sputtering Imin sample (S§4) and (b): Ni sputtering sample (S2) during tem-

perature scan in different directions (heat up or cool down). The waiting time be-

tween scan of 300 K — 600 K and 600 K — 300 K is limited to minutes and can be
neglected.
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For example, ‘something’ diminished at around 330 K after two high temperature
DLTS scan with different directions as illustrated in Figure 5.21(a), and this has been ob-
served among all of the Schottky samples. However, the problem becomes more compli-
cate when it comes to the Ni sample. As shown in Figure 5.21(b), another possible trap
level at around 430 K diminished after annealing, and the mismatch of the peak position
on temperature shows up. This shift on maximum of the peak owing to the error of tem-
perature record by sensors, but can be ignored if we only compare the signal height. Fur-
thermore, the whole signal height decreases after each scan cycle (300 K — 600 K — 300 K)
and recovers at room to a certain degree, which is similar to but different from that shown
in Figure 4.22. Considering that the signal of cooling down on Ni diode during both 1* and
2™ scans well overlaps, this vanished signal height should present as the unique ‘white
noise’ of trap levels in Ni SBDs (e.g. the fast states at interface with a distribution of E,
and o [160]) and can be totally removed by high temperature-bias stress process.
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Figure 5.22. Signal DLTS on different correlations (a): al(Tw/2) and (b): bIM on
the Ti/W sample with the same scan 300 K — 600 K — 300 K as in Figure 5.21(a).

Table 5.8. Extracted trap parameters on Ti/W and Ni samples with the help of Max-
imum (maximum Arrhenius analysis) and HERA analysis.

Sample Tool E, (eV) o (cmz) N, (cm'3)
. Maximum 0.667 2.83x10"° 6.58x10"
HERA 0.720 2.80x10™" 5.52x10"

N Maximum 0.661 1.91x10" 7.01x10"
HERA 0.676 2.40x10" 6.76x10"

Other correlation functions are also involved to analyze the disappeared trap level
around 330 K, and this peak is much clear shown with certain correlation parameter such
as al(Tw/2) and b1M as illustrated in Figure 5.22. In order to cut back the error from the
strong trap levels near our target, both HERA and maximum analysis have been used to
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5.3 Discussion

extract the trap parameters. Those Arrhenius results are listed in Table 5.8 which indicates
that they originate from the same defect level with activation energy near 0.67 eV where
the Z,,, are usually reported. However, no more reference can be obtained on this trap lev-
el found here. Unfortunately, the trap level appears at 430 K of the Ni sample cannot be
precisely analyzed due to the significant influence on defect levels at 380 K and 530 K.
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Figure 5.23. DLTS signal (correlation bl) between 300 K and 550 K on PiN diode
discussed in section 5.1 with a period width of 20.48 ms and 2.048 s (top-right plot).
Before the DLTS scan 550 K — 300 K, an additional waiting time of 30 min are ap-
plied with tiny bias (-0.1 V) right after the heat-up scan (300 K — 550 K).

On the other hand, no specific trap levels disappear on PiN diode after high tempera-
ture DLTS scan, as shown in Figure 5.23. Meanwhile, only the increase (negative shift) on
the peak near 500 K has been observed, and this difference is clearer revealed with large
T, - One assumption is that the trap level found above among all SBDs is influenced by the
hole trap level in PiN diode, and as a result, the vanishing of this trap level cannot be ob-
served.

In short, considering also the results discussed in 4.3.22, the high temperature DLTS
scan does influence the DLTS results namely trap conditions. This can be quite significant
especially when that leads to the disappearance of certain trap levels, and should be taken
special care of. Therefore in this paper, all DLTS results given for device characterization
are those temperature scan after a first high temperature scan (usually 300 — 550 — 300 K)

in order to rule out the influence of that.

5.3.4 Negative-U center

As has been discussed in 5.1.4 where an abnormal peak shows up at around 80 K
(Figure 5.5), this irregular phenomenon has also been uncovered on those SBDs. Figure
5.24 shows the DLTS spectra with 3 values of T, . Except that around 80 K, a clear trend
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for all peaks is revealed from the spectra: peaks shift to left with large period width while
their heights slightly increase. This increase on signal heights is normally owing to the
change of reverse/pulse capacitance at different temperatures. However, even if this trend
of signal height is taken into consideration, the peak at around 80 K with T, = 2.048 s
should be the dash line illustrated in Figure 5.24(b) rather than the experimental one.

= 20i8ms A @ o Twoz0sams (b)
—— Tw=2.048s A —a—Tw=2048s

200 400 600 60 70 80 90 100 110 120
Temperature (K) Temperature (K)

Figure 5.24. DLTS spectra with 3 different period widths on diode Ti/W liftoff (S3)
between (a): 60 K and 600 K, while (b) is the same signal between 60 K and 120 K
in order for better illustration, with U, =—10V, U, =—0.1 Vand T, = 100 L.

In order to study this irregular peak at around 80 K, DLTS has been taken out on
Tungsten sample (S7) that also presents this strange behavior, with more T, and smaller
steps as shown in Figure 5.25(a), while more intuitional description can be obtained from
its plot in 3D (Figure 5.26). As illustrated in the 3D-plot, 2 distinct peaks can be recog-
nized: a normal peak with its center temperature shifts to left under large T, (black dash
line), and an abnormal one with its center temperature moves to right when the period in-
creases (red dash line). Meanwhile, the height of both peaks changes differently: the peak
heights of normal one almost keeps constant with the period less than 2 s, and dramatically
decrease with increase of T, . On the other hand, the special peak overlaps with the normal
one and cannot be well separated with T, less than 1 s, while greatly increase with large
period width. This can somewhat explain the only irregular signal with the period width of
2.048 s shown in Figure 5.24(b). Furthermore, a negative peak appears at 80 K with large
T, which may lead to the sharply decrease of normal peak height. However, this negative
peak is unrealistic to analyze due to lack on experimental data.

In order to study on this special peak, the Arrhenius plot is used according to search
on maximum peak position with various correlations. As can be seen in Figure 5.25(b), an
irregular but perfect fitting line shows up as presented by the red circles in addition to the
normal peak (black squares). However this special peak can be only found in those corre-
lations of ‘series b or sine coefficients’ namely the odd items in the Fourier transform
which results in relatively less points presented on the Arrhenius plot of the special peak.
Since the slope of fitting line in the Arrhenius plot corresponds to the activation energy,
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5.3 Discussion

the negative slope of special peak indicate the existence of negative activation energy
which cannot be analyzed by our DLTS software rather than the positive activation energy
obtained from the positive slope of the normal one. And this negative activation energy is
different from the hole trap discovered in p-n junction with the help of negative peak in the
DLTS spectra, which highlights its particularity.
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Figure 5.25. (a): DLTS spectra (bl) between 60 K and 120 K with 7 different period
widths on Tungsten diode (S7) and (b) is its Arrhenius plot extracted.
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Figure 5.26. 3D-plot of Figure 5.25(a). The blue and red dash lines indicate the
evolution trend on two peaks.

This irregular peak detected can be partly explained with the negative-U system. If a
defect can trap two electrons (or holes) while the second bond is more tight than the first
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one, it can be regarded as a negative-U system or with the negative-U properties [161]. For
example, three possible charge states (D*, D° and D) exist for a simple point defect with
a single donor (0/+) and acceptor (—/0) level. However, if it has negative-U properties, the
neutral level D° can be no more stable. Instead of stay neutral, certain process will take
place as

2D° > D'+ D +U| (5.7)

where U is the energy between donor and acceptor level.

As a results, if Fermi level coincident the half way between the donor and acceptor
levels, there will be the compound of D* and D™ rather than D°.

The negative-U centers have been observed not only in 4H- (Z;,,) and 6H- (E,;) SiC
[162-164], but also in 3C-SiC [165], and have been suggested to result from the carbon
vacancies (V) with the first-principles calculations [165, 166].

As a feature of negative-U center, the DLTS signal height should be twice the trap
concentration since during the emission process that

D" —>D°+e »>D"+2e (5-8)

If the second emission process is much faster than the first one, almost no time delay
appears before the neutral level loose its second electron. Therefore, second emission will
not show up as a peak in DLTS signal and instead, the signal height of the first process is
doubled due to the emitted electrons on pair. However, as has been pointed out by Do-
bacrewski, the neutral can stay at a high concentration with a certain time during the same
process if the emission rate of D~ level is much larger than D° [167].

Based on the negative-U system, the special peak that appears at around 80 K in our
DLTS experiment can be explained by the combination effect of emission and capture in
the negative-U trap. It is suggested that the emission rate of D~ is smaller than D°, and
most of the traps stay at D° because the pulse width is not long enough for all traps enter
the balance states as indicated by Eq. (5.7). In that case, after U, withdraws, not only the
emission of neutral level (second process in Eq. (5.8)) takes place, but also the process in-
dicated by Eq.(5.7) and could be somewhat the major process. However, only the emission
can be detected in this stage since no electron is released in Eq.(5.7). As a result, only the
emission from neutral level appears in the DLTS signal with small T, . On the other hand,
after the first stage entering its end where certain traps become negative charged, the
whole process in the Eq. (5.8) becomes major, which results in the extremely high peak in
DLTS signal detected with large period width. Furthermore, the negative activation energy
extracted from the special peak in Figure 5.25(b) is due to the process implied by Eq. (5.7)
in first stage works with energy emission. Or in other word, instead of the conventional
emission process with energy absorption, this energy emission process is presented by the
negative activation energy in the Arrhenius plot. Meanwhile, the phenomenon that the
height of special peak in DLTS signal increases with large T, is owing to either slow pro-
cess of emission from D~ or the less freeze-out effect at higher temperature.
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5.3 Discussion

5.3.5 Behavior at extremely low temperature

As mentioned in 4.3.22, the behavior can be quite weird under extremely low temper-
ature (below 20 K). On the other hand, the investigation method is limited due to either
freeze-out effect or the restriction of our DLTS system (the valid temperature is limited to
15 K). As a result, the isothermal DLTS becomes the main tool for research on this low
temperature region.

% Tempscan below 25 K

In the previous study on SiC SBD within the temperature range of 20 K — 60 K, the
signal increases towards lower temperature part near 20 K, as presented by the black
squares in Figure 5.27, which indicates the existence of higher peak at lower temperature,
or in other words the additional trap levels with large concentration and tiny activation en-
ergy can be forecasted. This is true if we expend the temperature until 15 K, as shown by
the red circles. However, owing to the temperature restriction, the whole profile at low
temperature cannot be drawn by using the DLTS tempscan even another clear peak ap-
pears at 20 K.
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Figure 5.27. I-DLTS signal (correlation bl) on Ti/W sputtering 1 min sample (S4)
at low temperature. The black squares are that discussed in Chapter 4, while the
red circles are the focus in this section.

In order to investigate these trap levels at extremely low temperature, the isothermal
DLTS have been adopted. The ITS have been measured between 15 K and 25 K with a
temperature step of 0.5 K, which is much smaller than the one commonly used (~ 10 K).
Both positive and negative peaks show up after ITS of I-DLTS, and the results of Arrheni-
us analysis are shown in Figure 5.28. Even with different bias condition, similar trap levels
are extracted with E, ~ 0.03 eV and o~ 1x10"° cm’. As the electron trap levels reported
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in 4H-SiC closest to the conduction band are those defect of nitrogen with E, around 0.05
eV [70], it is hard to sort these two trap levels with lower E, . Meanwhile, it is hard to
make a conclusion about the accuracy of determined levels owing to the small step used in
ITS test although both levels in Figure 5.28 are rather linear fitted. Whatever, it is sure that

some traps do exist at low temperature with large concentration.
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Figure 5.28. Arrhenius plot from maximum analysis of DLTS on diode S4 at tem-
perature below 25 K. The pulse width is 5 us and the bias condition on (a) and (b)
are listed inside plot. Some points extracted with maximum analysis that do not be-

long to these two levels are not shown in the plot.
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Figure 5.29. I-DLTS signal (correlation bl) from ITS period scan at 17.35 K on
sample S4 with T, =5 us, U, ==5Vand U, =-0.1V.

Further studies on these trap levels at low temperature have been taken out at the
lowest temperature available on sample (~17.5 K) in our DLTS system with isothermal
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5.3 Discussion

DLTS tests. As shown in Figure 5.29, two clear peaks show up with different signs in the
period width scan, while the region at lower period width part (< 0.6 ms) that is limited by
the measurement also draws attention.

As [-DLTS commonly presents those trap levels as negative peaks, two minima (~
200 ms and 1 ms) have been specially focused on as well as the blank region (T, < 600 |k)
in Figure 5.29 with T, chosen as 200 p&.
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Figure 5.30. I-DLTS signal (correlation bl)of isothermal variation of T, at 17.35 K
with a fixed period width of 200 ms.

As shown in Figure 5.30, only negative signal is obtained with the period width of
200 ms. However, different from the normal ITS with variation of T, which performs as a
monotonic function, a peak with a minimum value shows up with T, near 20 ms. It is sug-
gested that there are at least two highly compensated trap levels with opposite defect types
and different o . Therefore it appears as the traditional trap when the capture of the normal
trap level takes charge at small T,, while it saturates and the compensation effect take
place due to additional trap level at large T, . Finally, signal trends to zero when the pulse
is large enough where high compensation is reached due to relatively closed active con-
centration. Another possibility relates to the negative-U center discussed in the previous
chapter. If the trap levels detected here come from the negative-U center, this abnormal
behavior can be explained as the majority captured levels with different pulse width. It is
assumed that only the fast emission process can be detected with the period width of 200
ms, while the signal that originates the slow progress can be neglected. As a result, most of
the trap levels are occupied as D° with small T,, and the fast process presents as the nega-
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Chapter 5

Characterization on other samples and discussion

tive signal in Figure 5.30. However, more and more traps will be in the D~ states when T,
becomes larger, and finally almost all defects are trapped as D~ centers if T, is large
enough. Since the emission form D~ level is limited and presented as slow process, it can
hardly be detected and this contributes to the tiny negative signal at large T, . As the nega-
tive-U center can be regarded as two trap levels, only the condition of two trap level with
opposite defect types will be further discussed, and those conclusions can be applied to the
case of negative-U centers as well.
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Figure 5.31. I-DLTS signal (correlation bl)of isothermal variation of (a): U, and
(b): U, at 17.35 K.
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Figure 5.32. I-DLTS signal (correlation bl)of isothermal variation of both U, and
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U, with pulse heights keep constant.

However, more interesting results can be found from Figure 5.31, where a negative
peak and one negative shoulder can be clearly identified in both plots. This reveals the ex-
istence of third trap level. Due to the mirror relationship between Figure 5.31 (a) and (b), it
can be assumed that the major trapping level that determines the measured DLTS signal
only depends on the voltage difference U, —U,, during the transient process, and this is
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5.3 Discussion

verified by Figure 5.32, where the transient type is somewhat fixed with constant U, —U,
value.

Table 5.9. Extracted N, of sample S4 at different temperature according to C-V
analysis measured by DLTS system during the tempscan.

Temperature (K) V, (V) Correlation coefficient of linear fitting

21.84 17340 0.502
29.33 2175 0.946
38.18 6.5 0.999
48.48 1.5 0.999

Even though the conventional C-V analysis discussed in section 2.3.2 can no longer
provide precise results at extremely low temperature owing to the carrier freeze-out effect,
it can still be a reference for approximation. It can be found from Table 5.9 that V, be-
comes so huge that V, > (Ug|+|U,|) at low temperature with worse linearity where carrier
freeze-out occurs. As a result, the approximation of the effective detection zone w,, can
be expressed as:

U,-U,

Weff:WR_WPOC\/\/I -Ug _\j\/l _UPzT (5.9)
|

where w, and w, are the widths of depletion region at reverse bias and pulse condi-
tion.

Therefore the electric distribution within the effective zone that relates to only w,, if
the doping near interface is assumed uniform is determined exclusively by the bias differ-
ence U, —U, at a fixed low temperature. In that case, the weird behavior in Figure 5.31
can be caused by the Poole-Frenkel effect under strong electric field of at least one trap
level at high U, -U,.

% ITST, =1ms

The 3-phase evolution (a-b, b-c and c-d) is clearer shown in Figure 5.33 with a period
width of 1 ms, which indicates the existence of a pair of compensated defect levels and
another cluster trap level. However, the sign is somewhat opposite compared to that shown
in Figure 5.30. Furthermore, even though the normal signal obtained can offer its relative-
ly large concentration during the isothermal test with variation of bias under small U, -U,
condition, as illustrated in Figure 5.34(a), the circumstance becomes much complicated
with large U, —U, as (b) shows. On the other hand, Figure 5.34(a) can be regarded as part
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of the signal in (b) with U, less than —10 V. This will be discussed in detail in the case
followed (T,, =200 k) with similar condition.
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Figure 5.33. I-DLTS signal (correlation bl)of isothermal variation of T, at 17.35 K
with a fixed period width of 1 ms.
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Figure 5.34. I-DLTS signal (correlation bl)of isothermal variation of U, at 17.35
K with (a): U, =—10V and (b): U, =-20 V. The pulse width is 30 us and period
width is 1 ms. Inner plot in (a) shows the trap concentration profile calculated
based on results in (a).

% ITS T, =200 5

In order to draw a brief profile of the trap presented at low T, where no information
has been provided by ITS scan shown in Figure 5.29 due to system limitation, a period
width of 200 |5 was chosen for further investigation. The scan of T, shown in Figure 5.35
is more closed to the one discussed above with T,, = 1ms (Figure 5.33). The 3-phase (a-b,
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5.3 Discussion

b-c and c-d) in the plot presents 3 different trap levels, which corresponds with the previ-
ous results and can be examined by those transient curves illustrated on the right part of
Figure 5.35. However, the height of signal tend to decrease at large T,, which is different
from the case of either T,, = 1 ms or 200 ms.
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Figure 5.35. Left plot : I-DLTS signal (correlation bl)of isothermal variation of T,
at 17.35 K with a fixed period width of 200 \xs. And right plot: the measured transi-
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Figure 5.36. Left plot : I-DLTS signal (correlation bl)of isothermal variation of U,
at 17.35 K with a fixed period width of 200 \xs. And right plot: the measured transi-
ent curve at different U, in the left plot.

The isothermal with variation of U, has also been taken out with a period width of
200 s. As shown in the left plot of Figure 5.36, the signal is similar to that shown in Fig-
ure 5.34(b), but should be regarded as mirror relationship, which indicates the dependence
on only pulse height U, —U_ as has been discussed with Figure 5.31. Furthermore, the
transient information presented in Figure 5.36 describes the signal evolution, which is il-
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lustrated in Figure 5.37. (The transient curve with the label (e) is similar as that of (a), but
not shown in the plot owing to the limitation of space.) In order to simply the discussion,
the transient is regarded as ‘positive’ if the corresponding DLTS signal (bl) is positive
such as (c¢), and the ‘negative transient’ describe those transients result in negative DLTS
signal for example (a) and (e). Therefore at low pulse height the transient is negative, and
the amplitude increases when the pulse height rises up. After a minima point is reached
around (b), the transient become positive until its maxima (d). If the pulse is high enough,
it enters the region (e) with a trend as one normal trap level.

Maxima

UP _UR

Figure 5.37. Relationship between the observed transient curve and U, —U, during
the DLTS shown in Figure 5.36. The blue dots surrounded by rad dash square indi-
cate the measured transient signals which correspond to that in Figure 5.36 with
the same label.
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Figure 5.38. The maxima and minima voltage illustrated in Figure 5.37 as a func-
tion of pulse voltage used in the DLTS isothermal variation of U, measures. Differ-
ent voltage sources were used that (a): low voltage module up to 20 V and (b): high

voltage module up to 100 V.
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5.3 Discussion

In order to verify if the type of transient depend only on pulse height, the maxima and
minima voltages illustrated in Figure 5.37 [(d) and (b)] are extracted based on either iso-
thermal variation of U, with different U, values (Figure 5.38) or variation of U, with
different U, values (Figure 5.39). It is clear that pulse height at both maxima and minima
stay linear at low bias (within —20 V), while the linearity drops at high bias condition (up
to =50 V). Even though less precise on voltage can be achieved when using high voltage
module exceed —20 V, this system error can never lead to the same trend on linearity that

the slope become less negative with large bias on both sample and points studied.
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Figure 5.39. The maxima and minima voltage illustrated in Figure 5.37 as a func-
tion of reverse bias used in the DLTS isothermal variation of U, measures. Differ-

ent voltage sources were used that (a): low voltage module up to 20 V and (b): high

voltage module up to 100 V.

On the other hand, this linear trend can be deduced with the help of Eq. (5.9). Here
the pulse height U, is defined as U, =U, —U,, therefore the depletion width at fixed

temperature is only related to that:

U
WeﬁOC\N|_UR_\A/|_UP:W_U +\A7 “U_—U
[ R | H R

In order to keep the depletion constant at different bias condition, Eq. (5.10) should

results in a constant value c, therefore U,, can be written as:

U, =c(W -Ug + W, -U, -0, )

by ignoring the U, in the square root term, the differential can be expressed as:

ou,,
ou,

1
+
2V, -U,, -U,

1
2\IA/| _UR
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According to Eq. (5.12), when the bias is small compared to V, the plot of U,, vs.
U, is linear with a negative slope value proportional to V, 72 . As the bias becomes larger,
U, can no more be neglected and results in the smaller value of the slope magnitude of
linear fitting. This corresponds well with the experimental results. The conclusion is simi-
lar when U, is replaced by U, from those isothermal tests with variation of U, as is
shown in Figure 5.38. By comparing Figure 5.38(a) and Figure 5.39(a), it can be found
that the slopes are closed to each other on either minima points or maxima points, which
means the feasibility of the approximation made at low bias condition.
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Figure 5.40. I-DLTS signal (correlation bl)of isothermal variation of U, and U, at
17.35 K with fixed difference of (a): U,-U, =-9 Vand (b): U, -U,=-11V.

Since the transient type mainly depends on U, , conventional isothermal DLTS curve
with bias variation can be obtained by selecting proper U, , for example Figure 5.40(a).
Meanwhile, since the quasi-linear relationship on U,, with U, or U, is suggested, change
of transient type can still be observed under certain circumstance as shown in Figure
5.40(b) even though the U,, is set constant.

Even though the behavior of trap at extremely low temperature has merely been stud-
ied and the mechanisms contributing to these performances discussed above is not yet
clear, this work still provide a possible way to snoop the trap with tiny activation energy at
low temperature. Meanwhile, certain trap behavior can be focused on by choosing the
proper bias parameters during the DLTS test. However, special attention should be paid
when it comes to the transient zone of DLTS signal [e.g. Figure 5.40(b)].
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Chapter 6
Conclusion and prospective

6.1 Conclusion

This dissertation mainly studies the deep level defects and their influences on SiC
power devices especially Schottky diodes. The main conclusions can be summarized in the
following aspects.

«» Determination of SBH

Based on the fundamental theory of Schottky contact, various of SBH models have
been reviewed such as Gaussian distribution model, potential fluctuation model and flat-
band barrier height. The Richardson plot based on @, is revealed to be suitable for de-
termination of Richardson constant. The equivalence of Gaussian distribution model and
potential fluctuation model has been discussed. Moreover, both parallel diode assumption
and Tung’s model on Schottky barrier inhomogeneity have been introduced.

R/

s Deep level detection

Following an overview on defect classification, the detection of defect levels with
DLTS has been mainly introduced according to basic capture-emission theory in semicon-
ductor. Apart from different transient models in DLTS, the isothermal tests have been
highlighted.

% Investigation on SBDs and PiN diodes

Both static and DLTS tests have been taken on SBDs and PiN diodes. The compari-
son on either single/multi barrier SBD or SBD with different metal contacts (Ti/W, W, Ni
and Mo) have been presented along with the DLTS results. 9 trap levels are commonly
found in SiC SBDs including the overlapped energy level such as RD;,. However, no ob-
vious difference has been found related to either barrier inhomogeneity or contact metal.
The hole traps have been investigate with PiN diodes under strong injection condition, and
the interaction between electron traps and hole traps under different bias has been dis-
cussed.

7

% Radiation effect and bias stress instability on power MOSFET

The synergetic effects of HTGB and TID on SiC power MOSFETSs have been inves-
tigated. It is found that V,, seems sensitive to both HTGB and TID, while the trend is op-
posite under separate tests (i.e. HTGB tend to increase V,, while V,, decreases after TID).
This results from different types of charges captured in the gate oxide. Meanwhile, accel-
eration of V,, degradation due to HTGB was observed, which may result from the generat-
ed electric field due to captured electrons near interface after HTGB. However, No clear
annealing effect was observed over the short period of test at room temperature for either
HTGB or TID radiation.

% Temperature related effects

The carrier freeze-out has been revealed in both SiC SBD and PiN diodes. A nega-
tive-U behavior is suggested to show up at around 80 K. The annealing effect at high tem-
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6.1 Conclusion

perature is proved to take responsibility for the reduction on certain trap levels as well as
direct impact on the direct I-V performance which leads to the double barrier phenomenon.
On top of that, the DLTS behavior at extremely low temperature has been studied with iso-
thermal test and the abnormal signal has been obtained, which indicates the existence of
the trap level with tiny activation energy and large cententration.
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Chapter 6
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6.2 Perspective

As one of the most attractive “after-silicon” materials for power application, the im-
pact of SiC and related devices is becoming more and more important in the future thanks
to the development of modern technology on SiC wafer fabrication and manufacturing
process. Not only reliability but also the demand of precisely control of carrier lifetime in
device has highlighted the significance of defect investigation, which is a large wasteland
that has not yet been well investigated.

The future work mainly includes:

«» Interface characterization

As illustrated in Tung’s model (2.5.3), interface condition plays a significant role in
forward characteristics. Therefore, it is possible to find links between abnormal forward I-
V behavior and the interface states. Both investigations of interface traps and direct map-
ping of surface states by photos (e.g. Atomic Force Microscopy, AFM) as well as mapping
current distribution during device operation should be powerful tools.

< TImprovement on trapping models at low temperature

The model that suits the extremely low temperature involving the negative-U center
should be well developed, especially the detailed capture / emission process along with the
trap distribution.

% Investigation of stress effect.

As has been pointed out, high temperature annealing, bias stress and radiation can
greatly affect the characteristic of device as well as the trap states. Further study can focus
on the combination effect of bias stress at high temperature, which is often the case to
many high temperature characterization methods.

% Reverse characterization
Even though the characteristics under reverse bias have not been well studied due to
the precision limit of current measurement, the behavior under reverse bias is an important

characteristic related to trap centers. It is also a complement to the forward characteristics
study.
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