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The relationships between the figure of merit RyA representing the junction property and deep levels represent-
ing electric properties of semiconductors have been studied. RyA can be estimated by current-voltage (I-V) mea-
surements. Deep levels can be estimated using spectral analysis of deep level transient spectroscopy (SADLTS).
It has been confirmed that values of activation energies concentrate around 30 meV with the increase of RyA. This
suggests that the influence from the inherent deep levels in the HgCdTe device becomes strong due to the increase

of RyA, resulting in the improvement of the diode characteristics.
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1. Introduction

The realised photoconductive devices using
HgCdTe have usually the hybrid-type structure.
However, the hybrid structure has the problem that
devices are subjected to the mechanical damage due
to the differences in the thermal expansion coeffi-
cients amongst HgCdTe, buffer layer and substrate
when the devices are cooled down to the operating
temperature, 77 K. Furthermore, CdZnTe widely
used as the substrate is fragile compared with Si. It is
also the problem that large focal plain arrays (FPAs)
require high cost for materials preparation. Another
problem is to control the conduction type for the pla-
nar-type HgCdTe devices by defects due to ion im-
plantation. Then the damage induced by ion implan-
tation may increase the dark current in the HgCdTe
devices. In order to fabricate the high sensitivity
photovoltaic devices, it is necessary to suppress the
dark current.

The mesa-type HgCdTe devices, which have the
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monolithic structure, are studied to overcome the
problems mentioned above [1]. Using the mesa-type
structure, the epitaxial HgCdTe layer can be grown on
the Si substrate, which is low cost material and widely
used for a read-out circuit. However, the damage due
to the surface current and etching may occur in the
mesa-type HgCdTe devices.

The dark current contains the diffusion current,
generation-recombination current and tunnelling cur-
rent [2]. The dominance of the dark current has been
investigated using fitting method [3]. The figure of
merit of junction, RpA, is related to the dark current.
Therefore, when RyA increases, the dark current
should be decreased.

There are defects in the HgCdTe devices such as
vacancies and dislocations, potential turbulence at the
interface between HgCdTe and the Si substrate, and
the mechanical and chemical damage during the mesa
fabrication. Then these may be the origins of deep
levels in the HgCdTe devices. Estimating deep levels
is important to evaluate characteristics of semicon-
ductors since deep levels are related to electric prop-
erties of devices.
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Deep levels in semiconductors are described by
Shockley-Read-Hall (SRH) statistics. It is considered
that the trap-assisted tunnelling current is concerned
to these levels acting as the trap centres [4]. Thus it is
expected that there is some relationship between RyA
and deep levels that are related to the dark current.

In this work, the relationships between RyA and
deep levels have been studied using spectral analysis
of deep level transient spectroscopy (SADLTS) [5]
whose resolution for the adjacent levels has been pro-
gressed compared with the conventional deep level
transient spectroscopy (DLTS) [6].

2. Principle of SADLTS measurement

SADLTS has been employed to analyse deep lev-
els in the HgCdTe devices. SADLTS is one of the
modified DLTS methods analysing the transient ca-
pacitance waveform induced by the change in the de-
pletion layer. The transient capacitance waveform is
defined as the following expression to solve the re-
verse problem which obtains the emission rate spec-
trum S(A) from the transient waveform [5]

C(t) = J:S(»l)exp(mlr)dl, (1)

where A stands for the emission rate. a and b denote
the lower and upper limits in the analysed region of
emission rate, respectively. Here A is expressed as
follows

A =ov, N gexp(-E, [KT). 2
Equation (1) has the form of Volterra integral
equation of the first kind. This reverse problem can be
solved using the program “CONTIN” written in FOR-
TRAN 1V [7-9]. Even if the ratio of amplitudes is
more than 100, SADLTS can separate two adjacent
components with a ratio of emission rates A,/A, > 2 as
shown in our previous report [S]. Here A, and A, are
emission rates of two adjacent levels, respectively.

3. Sample preparation

Three samples, No. 1, No. 2 and No. 3, were used
in this study. These samples were fabricated using mo-
lecular beam epitaxy (MBE). The CdTe layer (~ 5 pm
thickness) was grown on the (112)B 5° off Si substrate
as the buffer layer. (113)B Hg;_,Cd,Te (~ 13 pm thick-
ness) was grown on the buffer layer as the base layer.
In was doped into the base layer to form the n—type re-
gion. Then (113)B Hg, ,Cd,Te (~ 3 pm thickness) was
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deposited onto the base layer as the cap layer. Ag was
doped into the cap layer to form the p—type region. The
full width at half maximum (FWHM) of X-ray diffrac-
tion, composition of Cd, p— and n-layer thickness, car-
rier concentrations are listed in Table 1. From the value
of FWHM in Table 1, it is seen that this Hg, ,Cd,Te
has the superior crystallinity.

Table 1. Values of the Hg;_,Cd,Te using the mesa-type diode fab-
rication.

Value
FWHM (s) 96
Composition x 0.222
p—HgCdTe thickneess (um) 3.2
n-HgCdTe thickneess (um) 13.7
p—carrier concentration (cm™) 1.60x10"7
n—carrier concentration (cm=>) 6.30x10'%

Then the mesa structure was formed by ion milling
until the p—n junction was separated. The sample was
then etched by Br-methanol to remove the damaged
layer induced by ion milling and ZnS was deposited
as a protective layer over the entire cap layer using
the electron-beam in MBE equipment. Au/Ti was
used as both p— and n—side electrodes. Each value of
used samples is shown in Table 2, and the diode
structure is shown in Fig. 1. From Table 2, it is seen
that No. 1 has the largest value of RyA and No. 3 has
the smallest value of RyA.

Table 2. Specification of mesa-type diodes.

No. 1 No. 2 No. 3
Chip size (mm?) 35 35 3.5
Mesa height (um) 8 8 8
Diode size (um?) 150 150 50
Ry (Q) : 9.62x10° | 5.28%10° | 4.09x10°
RpA (Qcm?) 216 118 102
Cutt-off wave length (pm) 10.5 10.5 10.5

4. Measurement

4.1. Current-voltage and differential
resistance-voltage characteristics

Diodes characteristics were measured at 78.5 K
which was the operating temperature region for the
photoconduction detectors using HgCdTe. The ap-
plied voltage ranged from 0.2 V to +0.2 V.
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Fig. 1. Scheme of mesa-type HgCdTe device. ZnS and

Au/Ti were used as the protective layer and electrodes for

both p— and n-side, respectively. A mesa structure was

formed by ion milling.

4.2. SADLTS measurement

Samples were mounted in a cryostat and cooled
down to the starting temperature. DLTS TEST SYS-
TEM (SANWA: MI-401) was used to apply the injec-
tion bias pulse and to measure the capacitance of sam-
ples. The injection pulse was applied to a sample, and
then the data of transient capacitance waveforms were
logarithmically sampled and stored into a memory.
The temperature was changed by a He compressor us-
ing a computer and temperature controller. The final
digital data of transient capacitance waveforrns and
temperature were sent to the computer and analysed
by the program “CONTIN” to estimate the emission
rate spectrum S(A). The SADLTS measurements were
carried out in the temperature region from 26 K to
80 K varied in 2 K steps under the following condi-
tions; amplitudes of bias voltage: 0.005 V (measure-
ment Nos. 1, 5, and 9), 0.065 V (measurement Nos. 2,
6, and 10), 0.080 V (measurement Nos. 3, 7, and 11)
and 0.090 V (measurement Nos. 4, 8, and 12), injec-
tion pulse bias: —0.1 V, injection pulse width: 1 ms.
Here, the measurement numbers from 1 to 4, from 5
to 8 and from 9 to 12 denote the measurements of the
sample No. 1, No. 2, and No. 3, respectively.
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Fig. 2. Current-voltage (I-V) and differential-resistance

voltage (R-V) characteristics for samples (a) No. 1, (b) No.
2 and (c) No. 3, respectively.
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5. Results

5.1. Current-voltage characteristics

The obtained current-voltage (I-V) and differen-
tial resistance-voltage (R—V) characteristics are
shown in Fig. 2. All samples show the superior I-V
characteristics. The dark currents of each sample in
the measured region for the SADLTS measurements
are as follows
Ino; = -9%1078 A, Iy, » = —1x10"7 A, and
Inos = —3%1078 A, respectively.

5.2. SADLTS measurement

The estimated values of activation energies are
shown as the function of RyA in Fig. 3. The variation
of activation energies as the function of RyA for the
injection pulse of 0.050 V are shown in Fig. 3(a). The
relationships for the injection pulse of 0.065 V,
0.080 V, and 0.090 V are shown in Fig. 3(b), (c), and
(d), respectively.

Here, the activation energies were compared to
each other, noting the maxima and minima energies in
Fig. 3. The shallowest levels shift monotonically to-
ward deeper with the increase of RyA, while the deep-
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Fig. 3. The relationships between evaluated activation energies and RpA for the various injection pulse amplitudes. The
symbols A, [ and o denote the results for No. 1, No. 2 and No. 3, respectively.
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est levels have the extrema at 118 Q cm?. On the other
hand, it is seen that there is little injection pulse de-
pendence of the shallowest activation energies in
Fig. 3. However, the deepest activation energies shift
to deeper level with the increase of injection pulse
amplitude, in particular in the case of the sample
No. 3.

Noting distributions of deep levels as the function
of RyA, the broadening of distribution of activation
energy decrease with the increase of RyA. The re-
markable feature is that deep levels in the sample
No. 1, which has the largest RyA, are obtained near
30 meV for all injection pulse conditions (Fig. 3).

The ranges for values of capture cross sections ob-
tained by SADLTS analysis are shown in Table 3.
These values are bundled with respect to all measured
bias pulse amplitudes for each sample. The ranges of
capture cross sections are quite wide and the maxi-
mum values for each sample are extremely large.
Here, these extremely huge values of capture cross
sections were yielded in the measurement whose am-
plitude of applied bias voltage was 0.090 V. On the
contrary, the minimum values of them were yielded in
all measurement conditions.

Table 3. Capture cross sections obtained by SADLTS analysis.

Capture cross sections (cm?)

No. 1 10-19~10-!!
No. 2 1021~107*
No. 3 10-%0~10-!

6. Discussion

Various deep levels of HgCdTe have been re-
ported in literatures [10—13], including midgap levels
in the band gap. However, the distributions of activa-
tion energies of deep levels have not been referred ap-
parently. On the other hand, deep levels have been
distributed around E.-30 meV ranging from
E~7 meV to E.~56 meV due to SADLTS having the
high resolution for the emission rates in this study.
Here, E, denotes the conduction band edge.

Deep levels in the n—type HgCdTe whose Cd com-
position x is similar to our samples, x ~ 0.22, have
been investigated using magneto-optical spectroscopy
(MOS) by Litter et al. [12] According to them, the
obtained levels were 10 meV and 26 meV corre-
sponding to a quarter of the band gap (1/4E,).

In this study, levels obtained commonly for all in-
jection pulse conditions were E.~2 meV, E~27 meV
and E.-28 meV for No. 1, E.—22 meV and
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E.~32 meV for No. 2, and E~30 meV for No. 3, re-
spectively. These levels are considered as 1/4E, by
the following equation [14]

E, = -0.302+1.93x-0.81x2+0.832x°
+(5.32x104)(1-2x)[(~1822+T2)/(255.2+T?)]. (3)

Here, this region corresponding to 1/4E, is called
“region I”. On the other hand, the region between
E.~30 meV and the midgap is called “region II” and
the region shallower than E—-30 meV is called “re-
gion IIT”. These regions in the band gap are illustrated
in Fig. 4.

Deep levels located in the region I have been con-
firmed in literatures. Therefore, these levels in this re-
gion are inherent levels in HgCdTe. This origin is
considered to be Te vacancies during the growth pro-
cess of the HgCdTe crystal.

The region II corresponds to the midgap level.
These levels are attributed to the lattice mismatch be-
tween HgCdTe and the Si substrate. Levels near the
midgap are related to the trap-assisted tunnelling cur-
rent.
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Fig. 4. Scheme of regions existing in the band gap. Deep
levels existing in the region I locate round 30 meV. Region
I and III range 30 meV ~ midgap and 7 meV ~ 30 meV,
respectively.
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The region III ranges from E.~7 meV to
E~17 meV. These levels have not been confirmed in
the planar type HgCdTe investigated by Litter er al.
[12]. Thus, the region III may be inherent level in the
mesa type HgCdTe. The mesa type HgCdTe devices
were subjected to the damage due to chemical etching
and to ion milling in the fabrication process. This is
one of the reasons for the introduction of levels in the
region III. Furthermore, doped impurities to control the
conduction type of devices may be another origin of
levels in the region III. In the measured temperature re-
gion, the corresponding thermal energy is about 10 meV,
so doped impurities may act as the deep level centres.

Next, let us consider the relationships between
RyA and deep levels. The performance of photodiode
is high when its RoA is large because there is less
dark current in the diode. Hence, it suggests that there
are some relationships between them. As shown in
Fig. 3, activation energies are concentrated around
E.~30 meV when RyA become large. This is inde-
pendent of the variation of injection pulse amplitudes.

Many deep levels exist in the region I, but a few
deep levels exist in the region II for the sample No. 1.
Moreover, there are no levels in the region III. Accord-
ing to these evidences, it can be seen that the dark cur-
rent in the sample No. 1 is influenced by deep levels in
the region L. Deep levels in the sample No. 2 exist in the
region I and II, while few levels exist in the region IIL

- This suggests that the dark current in this sample is in-
fluenced by deep levels in the regions I and II. In the
case of the sample No. 3, deep levels exist in the whole
regions, thus the dark current in this sample is influ-
enced by deep levels in the regions I, II, and IIl. After
all, it can be referred that the influence of deep levels in
the region I becomes dominant with the increase of RyA.

Deep levels in the region I are considered to be na-
tive levels for HgCdTe, so the effect from this region
may remain in the HgCdTe diode in spite of the large
RgA. On the other hand, the influences from levels in
the region II and III should be considered to become
weak with the increase of RyA.

Large values of capture cross sections may mean
that the values of capture cross section are widened
owing to the effect of leakage current in the p—n junc-
tion, such as trap assisted tunnelling current, genera-
tion-recombination current and surface current. Espe-
cially, the value of capture cross section is strongly
subjected to the effect from the deviation of activation
energy because activation energy is the factor of ex-
ponential in Eq. (2) providing the capture cross sec-
tion. Therefore, this may be attributed to the widened
values of capture cross section.
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7. Conclusions

The relationships between deep levels related to
the dark current in HgCdTe and RyA which represents
the junction performance of photodiodes has been in-
vestigated by SADLTS and I-V measurement. The
results showed that the distribution of activation ener-
gies were centred around E.~30 meV and ranged from
E.~7 meV to E.~56 meV in the band gap. Some com-
mon activation energies for different injection pulse
amplitudes condition were obtained in each sample.

The levels around E—30 meV in the region I are
considered to be native levels in HgCdTe because they
have been confirmed in the planar-type ones. Deep lev-
els in the region II are related to the trap-assisted tun-
nelling current and attributed to the lattice mismatch
between HgCdTe and the Si substrate. Deep levels in
the region III have not been confirmed in the pla-
nar-type HgCdTe. Thus, these deep levels are specific
levels for the mesa-type HgCdTe and may be attrib-
uted to the damage induced by ion milling or chemical
etching. Furthermore, doped impurities in the HgCdTe
may be one of the origins for these levels.

The relationships between deep levels and RpA
have been also studied. The results show that deep lev-
els in the region I are dominant when RyA become
large. This evidence suggests that deep levels in region
I are native for the HgCdTe diodes and exist in the re-
gion in spite of the increase of junction characteristics.
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