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CHAPTER 3
TECHNIQUES FOR DEEP LEVEL CHARACTERIZATION

This chapter gives detailed information about the
capacitance of a p-n Jjunction diode and contribution of deep
levels to the capacitance. Various dark capacitance transient

techniques are thoroughly discussed in this chapter.

3.1 p-n JUNCTION CAPACITANCE:

Capacitance is defined as the differential flow of
charge into a plate or terminal with respect to the change in
voltage. When the voltage across a p-n junction changes, the
depletion region width also changes. The number of minority
carriers changes on both sides and result in resistive
current flow as well as capacitive flow. The contribution due
to change in depletion region to the capacitance is khown as
layer capacitance or Jjunction capacitance, whereas the
contribution due to the changes in minority carrier density
ig called diffusion capacitance. |

Junction capacitance is dominant under reverse bias
conditiong and the diffusion capacitance is dominant when the
Junction is forward biased. In many applications of junction
devices, the capacitance is a limiting factor in the useful-
ness of the device. On the other hand there are important
applications in which the capacitance can be useful in

circuit applications and in providing important information









or n_’ - T+—ep N"r 3.10

n
where equation 3.10 gives the density of filled traps under
steady state condition. When the system is perturbed and then
allowed to relax back, the number of filled traps changes and
this will increase' or decrease the total charge in the
depletion region and hence the capacitance, which is given by
equation 3.6 and 3.8 for step and linearly graded Jjunctions
respectively, will change. This change in capacitance is

purely due to deep levels.

3.3 DETERMINATION OF DEEP LEVEL PARAMETERS FROM

DARK CAPACITANCE TRANSIENT MEASUREMENTS :

If we chose a temperature somewhere in the range where
the thermal emission rates of the carriers are appreciable to
allow convenient measurements, the capacitance and current
transients can be observed by placing the Jjunction under
perfect dark conditions. ' The emission of carriers is
obtained by thermal excitations after externally perturbing
the system by applying reverse bias. The details about
technique will be discussed in next section. In this section
we discuss the basic principle of measuring the parameters of
deep levels.

3.9.1. Thermal Emission Rate :

Consider a p+n type of Jjunction and also consider that
an electron trap is present on n-side of  the junction:. The

electron capture and electron emission processes will be
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dominant. The net rate of electron emission is diven by

t:h’n‘r
dt

'-'-Cnp,rn-ennr 311

In steady state conditions the net change will be zero
i.e. emission and capture processes are equal. If at time t =
0 an external perturbation i.e. reverse bias is applied then
it will change the situation, The number of filled and
unfilled trap centres will change due to this perturbation.
The transient associated with return to steady state, is

characterised at time t = ® , 1i.e.
e, n?(m) =R Cn p?(m) <4

The analysis of eq.3.12 provides useful information
about the deep traps. In steady state conditions, a term can
be defined as the change in filled and unfilled traps is
equal i.e. n = - p, so the net rate of change of trapped

electrons can be written as

dn
S A T o
dt = A Py e B
= (Cn + e ) Ap,
dn,
OR e S (CLn + eﬁ) An, 3.13

To solve the equation 3.13 we assume that N ‘3h

remains constant at a given position in time t. Then the

solution of equation 3.13 can be written as
n.(t) = n (0) exp [-t(e n C )] 3.14

The value of Cn from equation 3.12 can be written as
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For a step junction p'n diode

1 o 2
o S 2
C A £ £ 9 (ND—NA)

(V;+V;) 4.1

Where C denotes the capacitance, A is area, gq is
electron charge, s, is the permativity of free space and e
is the relative permativity of the material, ND and NA

represent the shallow dopant donor and accepter respectively.

VR and VB represent the applied reverse bias and built-in

voltagde. The linear relationship between and V; implies

that a junction is step Junction if a straight line is

obtained on plotting versus VR. On extrapolation of the

straight line the x-intercept gives the wvalue of the built-in
voltage. From the slope of this straight line one can
calculate the shallow level dopant concentration by using the

formula:

Slope = 4 4.2

2
A sr‘oq (ND—NA )

Similarly for a linearly graded junction’;

3 12

- (V_4V_ ) 4.3
= BlRe e e

where a is the concentration gradient. Hence if versus

V; plot gives a straight line, then the junction is linearly

graded.

& C. VAN OPDORP : CapacitancerVoliage. Relations | of
Schotitkyand p-n diodes, Fhy. stal sol. 32,81(1909)



4. 3. TEMPERATURE CONTROL SYSTEM :

In single shot measurements the stability of the
temperature is utmost important. It was observed that for the
diodes on which the present measurements were made a changde
of one degree in sample temperature changed the Jjunction
capaci- tance by about 0.01 pF. Since the total measured
change in capacitance is nearly 1pF, the stability of the
temperature became all the more important. The system used to
minimise the change in temperature consisted upon a- home
built cryostat with an electronic temperature controller
Unipan type 650. In the cryostat the sample was mounted on a
coprer strip which was thermally isolated from beody of the
cryostat by using asbestos sheet. On one side of the strip a
resistive heater was mounted and on the other side the sample
was placed in such a way that the head of the sample touched
the strip and the terminals were connected to the capacitance
meter. A platinum sensor type 2100 s was connected to the
temperature controller.This setup minimised the change in

temperature up to + 0.025 °K.

4. 4. SINGLE SHOT MEASUREMENTS :

The block diagram of experimental set up is shown in
Fig 4.1. A Boonton 72-B capacitance meter was used for
capacitance measurements. The test signal (Av;sc) for the

measurement of capacitance in this meter is of high frequency
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( 1M hertz) and low magnitude (10mV) which fulfils the requi-
red conditions for the dark transient capacitance experi-
ments. The capacitance meter 1is capable of measuring
differential capacitance i.e. a small change in capacitance
of the test device with respect to a known standard
capacitance. A Boonton precision decade capacitor model 76-3A
was used as variable standard back-off capacitance. The out-
put capacitance signal was recorded on an x-t recorder PL-3
( J J Instruments). The system provides a maximum resolution
of 5x10° pF.

Fér the single-shot capacitance transienf measurements
the stability of the sample temperature is of utmost
importance.This was achieved by using the set-up described
above in section 4.3. The D.C. step voltages were applied
using a Philips D.C. power supply PE-1514, connected with a
well shielded switch operated manually.The power supply could
be used for any step voltage from 0 to 20 wvolts. The
transients were obtained by switching the junction diode bias

from zero to reverse typically 5 to 7 volts.

4.5. DEEP LEVEL TRANSIENT SPECTROSCOPY MEASUREMENTS :

The theory of deep level transient spectroscopy (DLTS)
was detailed in section 3.4.3. The present DLTS measurements
were carried out using a Metrimpex DLS-81 deep level
spectrometer based on the lock-in-principle. The samples were

mounted in variable temperature cryostat with a copper -
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constantan thermocouple mounted symmetrically with respect to
the sample to monitor the temperature. Temperature accuracy
better than one degree could be attained with this set-up.
Excitation of the deep levels was performed using the usual
reduced reverse bias majority carrier pulses.

The DLTS technique gives the emission rate data with
in two-three orders of magnitude for most practical set-ups.
In case of the presently investigated mid gap level this
range was limited to about one order of magnitude due to the
prohibitively high temperatures involved for higher rate
windows . The highest emission rate window used on this level
is 2.26 sec  which gave a DLTS peak at 475 K which is just
about the highest advisable temperature for safe measurements

The lowest practical emission rate window allowed by the
DLTS for this level is 0.1 sec  which means that one could
only obtain the DLTS spectra for the mid gap level over a

decade of emission rates.
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CHAPTER NO. S5

RESULTS AND DISCUSSIONS

S5.1. o Y MEASUREMENTS :

The experimental procedure is explained in sec. 4.2.1.
The applied reverse voltage was within the range of 0 volt to
7 volts. The corresponding change in capacitance measured by
the Boonton 72-B capacitance meter was ploted on a graph

paper i.e. 5 along y-axis and applied reverse bias along

CZ
X-axis. Such C - V plots for diodes E~112-II and AM 325-V

are shown in Figs. 5.1 and 5.2 respectively.These plots show
that the diodes were step Junctions. The Shallow level
concentration was found to be 2.66x10'7and 1.11x10"7 and
built in potential was 2.1 volts and 1.9 volts respectively.

The C-V characteristics of the third diode were

similar.

S. 2. SINGLE SHOT MEASUREMENTS :

For single shot measurements, as explained in section
4.2 , after attaining a steady temperature T, the bias on the
diode was changed from O to V; (-5 volts for two diodes and
=7 volts for the third diode). The corrosponding change in

junction capacitance was recorded on the x-t recorder A



ISJ,;zZ)

(CAPACITANCE ®) (X10

20-

18 -

16 =

144

- 6la -

Fig. 5.1

DIODE NO, E-112 - II

SLOPE = 2.13 x 1022 ¥ 2 vy}
VB = 2.1 YOLTS.

"D = 2.66 x 1017 c-‘3

2 =05 %% nnz

g = 2.1V

!

1

2 3 4 5 6
APPLIED REVERSE BIAS (VOLTS)




- 61b =

Fig. 5.2
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TABLE 5.2

Emission Rate Data for (slower part Transient) of

Diode # E-112-I1

S/No.  TEMPERATURE EMISSION RATE e, /7
K (Slower Part)

ggc_l sec-l K-z
1 427.704 1.04 X 107} 5.69 X 1077
2 413.880 4.08 X 1072 2.35 X 107/
3 408.722 2.25 X 1072 1.35 X 1077
4 398. 282 1.24 X 1072 7.85 X 1078
5. 390. 128 5.00 X 1073 3.29 X 1078
6 382. 360 2.77 X 10°° 1.89 X 1078
7 380. 025 2.21 X 1073 1,53 X 1078
8 370.510 9.22 X 1074 6.72 X 1072
9 362.717 5.94 X 1074 4.51 X 1072
10 351. 500 2.02 X 1074 1.63 X 1072
11 347.885 1.77 X 1074 1.48 X 1079
12 344.750 1.0z X 1074 8.58 X 107 1°
13 338. 920 7.70 X 1072 8.70 x 10710
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TABLE 5.3

Emission Rate Data for (Slower part Transient) of

Diode # AM-325-V

S/No.  TEMPERATURE EMISSION RATE & /7

K (Corragfod Part) L4520

Sec Sec " K

1 421.098 4.48 X 1072 2.53 X 1077
2 417.217 3.26 X 1072 1.87 X 1077
3 412.878 2.17 X 1072 1.27 X 1077
4 408. 805 1.82 X 1072 1.09 X 1077
5. 405. 103 1.10 X 1072 6.70 X 1078
6 400. 476 9.04 X 1073 5.84 X 107°
7 396. 497 5.44 X 1073 3.46 X 1078
8 392. 449 3.85 X 1073 2.50 X 1078
9 386. 449 2.66 X 10°° 1.78 X 1072
10 384. 566 2.12 X 1073 1.44 X 1078
11 379. 130 1.24 X 1073 8.84 X 1072
12 376.598 1.18 X 1073 8.31 X 1072
13 370. 460 6.13 x 1074 4.46 X 1072
14 368.116 5.96 X 1074 4.40 x 107°
15 362.200 2.38 X 1074 1:81 X 10
16 359.738 2.27 X 1074 1.75 X 1072
17 354. 455 1.75 X 107 1.99 X 1077
18 347.3886 1.43 X 1074 1.18 X 1079
19 346.319 1.41 x 1074 1.08 X 1072
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emission rates. This corrected emission rate data for the
three test diodes is given in tables 5.5, 5.8 and 5.7 and
their Arrhenius plots are shown in Figs. 5.18, 5.17 and 5.18.
The energies obtained from these Arrhenius plots are given in

table 5.7.1 with an avarage value 0,94+0.02 eV.

5. 3. DLTS MEASUREMENTS:

As earlier explained single shot measurements can go
upto a particular temperature corresponding to a particular
emission rgte due to the limitations posed by the rise time
of the x-t recorder. For higher emission rates DLTS
measurements were carried out.

The experimental procedure for DLTS measurements was
given in section 4.3.2. When reduced reverse-bias pulses were
applied to diode No. E-112-II, a pronounced DLTS peak was
observed. The temperature scans were taken for different
emission rate window settings resulting in DLTS peaks, three
of which are shown in Fig. 5.19, From these measurements, the
resulfing emission rate data is given in table 5.8. The
Arrhenius plot of this data is shown in Fig. 5.20. which

gives the activation energy Ec - Er = 1.02 + 0.02 eV

8. 4. COMBINATION OF DLTS AND SINGLE SHOT DATA:

For diode No. E-112-~II, both single shot and DLTS
data have been obtained. Thé emission fﬁteé. obtained from

DLTS measurements agree very closely with those of the second
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TABLE 5.8

Emission Rate Data for (Corrected Part Transient) of

Diode # E-112-I1I1I

S/No.  TEMPERATURE EMISSION RATE & n?
(Corrected Part) g s
K LR sec K
1 432. 360 5.94 X 107} 3.18 X 1078
2 421.788 3.21 X 107} .81 % 1078
3 409. 196 1.07 X 107} 6.39 X 1077
4 400. 053 5.68 X 10 2 3.55 X 107/
5. 396. 592 4.51 X 102 2.87 X 1077
6 392.112 3.40 X 1072 2.21 X 1077
7 383. 645 1.64 X 1072 1,42 X 1077
8 380. 717 1.46°% 1079, 1,01 X 1077
9 371.902 6.45 X 1072 4.67 X 1078
10 362.177 3.50 X 1073 2.67 X 1078
11 355. 231 2.03 X 1073 1.81 X 1078
12 384. 578 1.62 X 1073 1.34 X 1078
13 346. 058 1.10 X 1073 9.20 X 1072
14 338.990 4.16 X 1074 3.62 X 1072
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TABLE 5.6

Emission Rate Data for (Corrected part Transient) of

Diode # E-112-11

S/No. TEMPERATURE EMISSION RATE o

K (Corrected Part) a1t 2p

sec"l sec K

1 427.704 5.19 X 10 "% 2.84 X 107°
2 413.880 2.36 X 10} 1:88 X 107
3 408. 722 1.44 x 107} 8.62 X 107/
4 398. 282 8.30 X 1072 5.23 X 1077
5. 390. 128 2.95 X 1072 1.94 X 1077
6 382. 360 1.79 X 10”2 1.22 X 1077
7 380. 025 2.21 X 1072 1.02 X 1077
8 370.510 5.88 X 1073 4.35 X 108
9 362,717 3.56 X 1073 2.7% X 1072
10 351. 500 1.45 X 1073 .17 X 1079
11 347.885 8.77 X 1074 7.25 X 1072
12 344. 750 5.58 X 104 4.89 x 1079
13 338. 920 3.07 X 1074 2.87 X 1072
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TABLE 5.7

Emission Rate Data for (Corrected part Transient) of

Diode # AM-325-V

S/No.  TEMPERATURE EMISSION RATE & )
K (Corrqﬁted Part) L
sec sec K
1 421.098 3.12 X 107} 1.76 X' 107°
2 417.217 2.62 X 10} 136X 1072
3 412.878 1.80 X 1071 1,08 X 10°°
4 408. 805 1.97 X 1071 8.23 X 107/
5. 405. 103 9.63 X 1072 5:87 X 1070
6 400. 476 8.23 X 1072 5.13 X 107/
7 396. 497 4.43 X 1072 2.82 X 107/
8 392. 449 4.25 X 1072 2.78 X 1077
9 386. 449 2.94 X 1072 1.97 X 107/
10 384.566 2.05 X 1072 1.39 X 1077
11 379.130 1.49 X 1072 9.96 X 1072
12 376. 598 1.17 X 1072 8.26 X 10°°
13 370. 460 7048 X107 5.42 X 105
14 368. 116 6.98 X 1073 5. 15 X 1pr°
15 362. 200 3.65 X 1072 2.78 X 1078
16 359.738 3.10 X 1073 2.40 X 1078
17 354. 455 1.87 X 1073 1.49 x 1078
18 347.386 1.66 X 1073 1.87 % 1078
19 346.318 2.28 X 1073 1.90 X 1078
















- 87 -

log (e/T~2) sec™} K2

for corrected data of diode AM—325-V
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(long-time) part of the single shot transients. This means
that the DLTS peak was caused by the same level that gave the
second part of the single shot transients. The two sets of
data were ploted in Fig.5.14 and Fig.5.20 respectively. The
two data together are given in table 5.9 and the Arrhenius
plot is shown in Fig. 5.21. In this way we get emission rate
data over four decades. The activation energy obtained from

this combined Arrhenius is 1.05 + 0.02 eV.

8.5, CONCENTRATION :

After calculating the energy of the deep lesvel its
concentration was calculated. The values given here are
calculated by using the relation 3.27. This concentraticn was

calculated for each temperature and then averaged for each

diode.
Data for 1.03 eV Level
S.No. Diode No. Concentration
Y. E-112-I11 2.00 x 10" cu”
2. E-112-1I1 8.87 x 10'* cu’
3. AM-325-V 7.98 x 10" cu”
Data for 0.984 eV Level
1. E-112-II1 1.06 x 10" cn”
g. E-112-11 5.99 x 10'* cun”

g, AM-325-V 1:17 % 30" ocn”



R T

TABLE 5.9

Emission Rate Data (DLTS+SINGLE SHOT Measurements) for

Diode # E-112-III

S/No.  TEMPERATURE EMISSION RATE e/

K sec | sec T K
1 474.640 2.28 1.00 X 1077
2 467.130 1.58 7.26.% 107
3 462. 395 1.08 5.07 X 10°°
4 453.690 7.23 X 1071 FiB10 1070
5. 446.850 4.52 X 107} 2.26 X 10°°
6 442.531 3.39 X 1071 148 % 100®
7 436.980 2.26 X 1071 1. 18' % 10°°
8 428.995 f.96°% 107* 7.97 % 10
9 427.704 1.03 X 107% 5.66 X 107/
10 424.970 1.05 X 1071 5.83 X 107/
11 413.880 4.03 X 1072 2.35 X 1077
12 408.722 2.25 X 1072 1088 % 107
13 398. 282 1.24 X 1072 7.85 X 1070
14 390. 128 5.00 X 1073 3.28 X 1070
15 382. 360 2.77 X 1073 1.89 X 1072
16 380. 025 2.21.X 10°° {.58 %10°°
17 370.510 9.22 x 1074 6.72 X 1077
18 362.717 5.94 X 1074 4.51 X 1077
19 351.500 2.02 x 1074 183 xn0™
20 347,885 1.77 x 1074 1.48 X 1077
21 344.750 1.02 X 1074 8.58.x 1071
22 338.920 7.70 X 1072 6.70 X
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log (e/T°2) sec™} K_z
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antisite defect appears to be the only likely candidate for
our mid-gap level. The emission rates measured by Ferenczi
«tal*for the deep level attributed to Poﬂ in their forward
current stressing experiments are somewhat smaller than the
present measured values. However, in view of their admittedly
poor data over very limited temperature range, it is possible
that this discrepancy between our data is insignificant. This
identification with P, defect 1is, however, lacking any
direct proof. Another interesting speculation could be that
our mid-gap level may be the analog of the well known ELZ2(in
GaAs) centre in GaP. Clearly further work will be needed to
establish the identity of the mid-gap centres detected by us

definitively.

v
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