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Dark conductivity and photoconductivity of amorphous Hgg73Cd;Te thin films*
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Abstract: This paper reports the dark conductivity and photoconductivity of amorphous Hgg.738Cdyg 22 Te thin films
deposited on an Al,O3 substrate by RF magnetron sputtering. It is determined that dark conduction activation
energy is 0.417 eV for the as-grown sample. Thermal quenching is absent for the as-grown sample during the testing
temperature zone, but the reverse is true for the polycrystalline sample. Photosensitivity shows the maximum at
240 K for amorphous thin films, while it is higher for the as-grown sample than for polycrystalline thin films in
the range from 170 to 300 K. The recombination mechanism is the monomolecular recombination process at room
temperature, which is different from the low temperature range. The p.r-product is low in the range of 10711-107°

cm?/V, which indicates that some defect states exist in the amorphous thin films.
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1. Introduction

In recent decades, mercury cadmium telluride (MCT or
Hg;_xCd, Te) has been one of the most vital infrared optoelec-
tronic materials as a result of its outstanding features, such as
its long spectral sensitivity wavelength ranges, low dielectric
constant and low thermal coefficient!! 3], Therefore, there are
many reports of relevant research on monocrystalline and poly-
crystalline MCT thin films in related directions!*~l. Consider-
ing the product cost for monocrystalline MCT and high absorp-
tion coefficient for amorphous MCT, however, there should
have been research on a-MCT. Our team has already inves-
tigated photoelectric performances of a-MCTL7-8] on the ba-
sis of previous research on HgCdTe material at Kunming In-
stitute of Physics®®]. In previous investigations, it was shown
that HgCdTe materials have a wide range of applications for
detectors, thermal image systems to meet the requirements of
civil and military operations, and especially showing advan-
tages over focal plane array detector devices. The study of our
team on a-MCT mainly concentrates on the amorphous mate-
rial growth window, annealing modification, transport mecha-
nism, and optical properties that include absorption, transmit-
tance and, reflectance. There are many novel discoveries from
our further research on a-MCT’s physical performance.

Two types of photoconduction are defined in solids. One is
primary photoconduction, which is a time of flight (TOF) tech-
nique. In this paper, we adopt the second type of photoconduc-
tion in which the whole sample is illuminated and the photocur-
rent is measured between two electrodes with ohmic contacts.
This secondary photoconduction is also known as steady-state
photoconductivity (SSPC). Through SSPC measurement it is
found that the dark conductivity and photoconductivity of ma-
terials vary with temperature and photon flux, photosensitivity
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discrepancy among different temperatures, recombination dy-
namics, and mobility-lifetime of the product. From the data, we
further discuss the physical properties of amorphous materials
and obtain some mechanisms to analyze the performance of op-
toelectronic materials, finally improving material parameters
through a correlated technique for photoconductive devices.

2. Experimental method

Thin films of amorphous Hgy 7§Cdg .22 Te were grown by
RF magnetron sputtering with low sputtering power on Al,O3
substrates. The substrate temperature was kept at 283 K dur-
ing the growth process. A polycrystalline sample was obtained
from annealing at 393 K over crystallization temperature for
1 h in an evacuated quartz ampoule in a vacuum better than
8.0 x10™* Torr. Coplanar geometry with Cr (the thickness of
Cris 19 nm) and an Au double layer, which improves the con-
tact characteristic between the Au and the substrate, were fabri-
cated (gap spacing 48 um, gap width 250 um) by photolithog-
raphy and ion beam etching techniques. The ohmic character-
istic of the contacts was verified by the straight line passing
through the origin of the current—voltage plot. Samples were
encapsulated inside a metallic dewar vessel with a transparent
ZnS window, in which the vacuum was better than 8.0 x10™*
Torr. The measurement temperature was varied from liquid
nitrogen temperature to room-temperature by means of heat-
ing up liquid nitrogen slowly inside a dewar vessel via a tem-
perature controller. The current—voltage (/—V') characteristics,
which were analyzed by computer through a self-compiled pro-
gram, were obtained by using a Keithley 2400s Source Me-
ter. The applied voltage was kept at 10 V, which indicated the
electric field intensity 1.72 x10% V/cm. The conductivity was
calculated from the formula o = ({/V)(L/wd) (L, w and d
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are the gap spacing, gap width and thin film thickness, respec-
tively). The photoconductivity of the thin films was studied
in the steady state adopting the He—Ne continuous laser (A =
632.8 nm, luminous power = 0.58 mW). Light attenuation was
analyzed by utilizing IR filters.

The chemical composition was checked by energy disper-
sion X-ray analysis (EDAX) using a scanning electron mi-
croscope (Phillips).The structure of the thin films was mea-
sured by X-ray diffraction (D/Max2200, CuKa = 0.15406 nm,
30 mA, 40 kV). Through XRD analysis, the as-grown sam-
ple, which showed two distinctly extended wave packets in the
diffraction pattern, was an amorphous structure, labeled No.1.
The films through thermal treatment, nevertheless, which re-
veals several sharp diffraction peaks and show the preferred
orientation (111), indicate a polycrystalline sample structure,
labeled No.2. The optical absorption and reflectivity spectrum
were measured by spectroscopic ellipsometry (SE) (HR460,
JOBIN YVON) in the energy range from 0.7 to 4.7 eV. The
absorption coefficient, o, and reflectivity, R, were 2.9 x 10°
ecm~! and 0.369, respectively. The thicknesses of the samples
were determined to be equal to 1.6 um by an advanced stylus
profiling system (XP-2). The conduction of carriers in amor-
phous thin films was electron obtained from the negative See-
beck coefficient.

3. Results and discussion

3.1. Dark conductivity and photoconductivity

Dark conductivity, o4, was the direct current (DC) con-
ductivity of thin films under no light lumination condition.
Photoconductivity, opn, was the additional photoconductivity
of the excess number of photogenerated charge carriers un-
der steady-state illumination, which was gained by subtracting
dark conduction from the conductivity of lumination, o,, that’s
Oph = Op — 0O4.

The dark conductivity and photoconductivity of as-grown
and polycrystalline sample of Hgg 78Cdg 22 Te were measured
as a function of temperature and shown in Fig. 1. It was ob-
served that the dark conductions of the two samples increased
with increasing temperature. At the same time it was found to
be activated over the different temperature range and follow
the Arrhenius equation:

AE
azaoexp(— ) (1)

KgT

where oy is the pre-exponential factor, and K is Boltzmann’s
constant. A E is the activation energy for dark conduction and
calculated from the slope of Ino versus 1/7". The results of
these calculations are given in Table 1. It is clear that dark con-
duction activation energy AE is higher than photoconductiv-
ity activation energy A Ep, in the temperature range 300-250
K for as-grown thin films labeled No. 1.

Note: 0g1and ogare the pre-exponential factors for dark
conductivity and photoconductivity, respectively.

From Fig. 1, we can get that dark conductivity and photo-
conductivity increase nearly by two orders of magnitude with
increasing temperature. Conductivity of polycrystalline sample
is higher than that of amorphous one by four orders of mag-
nitude whether dark conductivity or photoconductivity. This
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Fig. 1. Temperature dependence of dark conductivity and photo-
conductivity for amorphous and polycrystalline thin films of a-
Hgo.78Cdo 22 Te.
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Fig. 2. Conductivity against the inverse temperature for amorphous
MCT thin films.

indicates that amorphous material has many defects for its ab-
sence of long-range order contrasting with the polycrystalline
sample. From Fig. 2, it is obvious that two different transport
mechanisms dominate two different temperature zones. The
critical temperature is approximately 250 K.

There is another important research for photoconductivity,
that’s thermal quenching (TQ)!'%), which indicates that photo-
conductivity decreases with increasing temperature. Thermal
quenching of photoconductivity occurs when the minority car-
riers are excited thermally with rising temperature and trans-
fer to the recombination centerst!!l. From Fig. 1, the photo-
conductivity of the amorphous sample increases with increas-
ing temperature unvaryingly during the testing temperature
range. That is absence of thermal quenching. This is in conso-
nance with a-SegsTe 5, Pby thin ﬁlms[u], a-Gey Seqgo—xthin
films!'3]. However, the polycrystalline sample behaves the ef-
fect of thermal quenching but absence of the maximum. The
appearance of the TQ effect is in accordance with Sanjay et al.
pc-Si:H' Tran et al. both undoped and doped a-Si:HI'5],
Reis et al. a-Ge:H films!€].

3.2. Photosensitivity

An important and useful parameter in photoconductivity
measurement is the photosensitivity in a certain temperature
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Table 1. Electronic parameters in the amorphous and polycrystalline thin films of MCT.

sample Temperature range (K) oo1 (@7 1-ecm™) AE (eV) 002 (7L ecm™1) AEy, (eV)
No.l 300-250 33.089 0.417 323 x1073 0.167
o 250-77 1.51 x 1077 0.0078 3.97 x 1076 0.079
3 Table 2. Exponent and characteristic temperature varying with tem-
nt L] As—grown—amorphous ) perature.
? o Annealing-polycrystalline Temperature (K) _ Exponent y Te (K)
\ba 3F o 80 —0.55 97.8
= . . 90 0.6 135
:§ 2r . = 100 —0.08 8.7
G - . 110 -0.29 45
5 1F - = e ® °
2 . . L 120 0.09 11.9
g IR L 140 -0.41 973
a0 e - 300 (RT) 0.986 > 300
13 1 6 8 10 12
1097 (K) B = 80K
: 90K
Fig. 3. Temperature dependence of photosensitivity for amorphous v {?8%
i i 10+ < 120K
and polycrystalline thin films. ~ -10 > 1408
g + 300K
range under particular illumination. This is defined by dark <} | * ¢ ¢
. .. .. . [17] = -15 .
conduction divided by photoconductivity, that is opp/og' . S . .
The value of photosensitivity for a photoelectric material de- & < 4 ‘ g 5
termines the application of the photoconductive devices. 20k
From Fig. 3, we can see that the amorphous thin film shows ) ) ) )
46.5 47.0 47.5 48.0 48.5

maximal photosensitivity at 240 K using a He—Ne laser. In
the lower temperature range, however, there is only a small
amount of photosensitivity and it is near constant for the amor-
phous sample. Whereas the photosensitivity of the polycrys-
talline sample decreases with increasing temperature. At high
temperature at about 170-300 K, the photosensitivity of the
amorphous thin films is higher than that of the polycrystalline
sample, and the reverse at low temperature. Dixit reported that
this photosensitivity decreased after crystallization on the a-
SegoTeno 8], which is in accord with each other in the high
temperature range.

The maximum photosensitivity indicates that the density
of the defect states in a-Hgg.78Cd.22 Te thin films is minimal
at 240 K[18.191,

3.3. Recombination mechanism
The photoconductivity, oy, is written as
oph = eGT L, 2)

where G is the generation rate of the photocarriers in the unit
ofcm™3 .57, 7 is the recombination time measured in seconds
(s), and  is the photocarrier mobility [cm?/(V-s)] when trans-
port occurs in the extended states. However, u represents the
hopping mobility when transport occurs in the tail states, which
is much smaller than the free-carrier mobility. For a thin film
of thickness d, neglecting multiple reflections, the generation
rate of photocarriers, G, can be written as[2%-21]

G = nlo(1 = R)[1 —exp(—ad)]/d, €)

where 7 is the quantum efficiency of the generation of pho-
tocarriers, I is the number of incident photons per unit area

InG (photon/(cm?-s))

Fig. 4. Generation G dependence of oy, at different temperatures for
the as-grown sample.

(photoncm/(cm?-s), that’s photon flux, R is reflectivity, and o
is the absorption coefficient.

Generally, it should be noted that G and t are not indepen-
dent variables but are dependent on each other for easy con-
sideration. The dependence of t on G already has gained by
Wronski and Daniel as!??!

T G, (4)
Thereby, from the above discussion we can get
Opn = eptGt x e GG~ o« G, %)

where y is the photoconductivity exponent, which determines
the recombination mechanism. The value of y = 0.5 indicates
a bimolecular recombination process, whereas y = 1 indicates
monomolecular recombinationt??. However, in many amor-
phous semiconductors, intermediate values of the exponent y
are found. The occurrence of such values have been extensively
discussed and explained by Rose[?*]. The exponent y lies be-
tween 0.5 and 1, which indicates that there exists a continu-
ous distribution of localized states in the mobility gap of amor-
phous materials.

From Fig. 4 and Table 2, we get the value of y. However,
the anomalous value, which is negative in the low tempera-
ture zone, is observed. The negative sign appears due to photo-
conductivity decreasing with increasing photon flux. This phe-
nomenon shows amorphous thin films generate defect states
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transferring to recombination centers during the mobility gap
under illumination enhancement. The value y equals 0.55,
which indicates closing to bimolecular recombination for pho-
tocarriers in amorphous Hgg 78Cdg 22 Te thin films at low tem-
perature, 80 K. The value of y which is 0.55 and 0.6 at 80 K
and 90 K, respectively, indicates that a continuous distribution
of localization states exists in the mobility gap. However, the
as-grown sample shows a monomolecular recombination pro-
cess at room temperature. In the interim temperature between
100-140 K, the exponent is found to be sublinear with y as low
as 0.09 at 120 K, which is consistent with Sanjay’s experiment
on undoping c-Si: H y value as low as 0.13[2%] but Sanjay ex-
plained that the sublinear behavior of y (< 0.5) was attributed
to the shift of the Fermi level through a localized state distri-
bution.

Amorphous MCT is a very special optoelectronic material
for mercury vacancy. This may contribute to an increased re-
combination rate, resulting in a low y value of amorphous thin
films.

According to Rose, y = T. /(T + T.), where T is the char-
acteristic temperature. Product, KgT, is the characteristic en-
ergy of the conduction band tail (CBT). From the T;, we can
determine that the width of CBT is higher at room temperature
than that at low temperature.

3.4. pt-product

In general, photoconductivity depends on both the mobil-
ity of carriers ¢ and the recombination time 7, and hence the
ut-product becomes a very important factor because it is inde-
pendent of photon flux, film thickness, absorption coefficient
and so on. It also determines the performance of photoconduc-
tive devices.

In the SSPC measurement, the condition for the steady-
state is given by

d(An) _

A —ad A
G _ n c _ n
dr

1—
— =nlp(1—R) — ,
T nlo ( ) d T

(6)

where An is the density of photocarriers in cm™>. In the amor-
phous HgCdTe thin films, it is adopted electron transport.
Given the initial conditions, ¢ = 0, An = 0 and solving the
above equation, the following expression is obtained when the
illustration time ¢ is greater than the recombination time t far
and away,

1— e—otd

oph = qAnpy = qnlo (1 —R) -7
where w,, T, is the photocarrier mobility of the electrons, and
the recombination lifetime of the electrons, respectively. From
this expression we gain the pt-product by equating 7 to unity
and plot as follows.

From Fig. 5, itis indicated that the as-grown sample shows
the wt-product range 10711-107° cm?/V. This is lower than
a-Si:H that give 1077-10* cm?/V in pz-product from SSPC
measurement while gets 107°—10~7 ¢cm?/V from TOF test[2%].
The pr-product that is rather low in amorphous HgCdTe thin
films by comparison with a-Si:H thin films shows lots of de-
fects existing in the material by adopting the magnetron sput-
tering technique.
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Fig. 5. Mobility-lifetime product versus reciprocal temperature for the
as-grown sample.
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Fig. 6. Temperature dependence of the ut-product for different pho-
ton fluxes for the as-grown sample.

Figure 6 shows that with increasing the photon flux the
pt-product decreases in the low temperature range. This con-
clusion does not agree with the conventional routine. In gen-
eral, the put-product increases with increasing the photon
flux!'4-23]. This anomalous process indicates that the recom-
bination centers increase with increasing the photon flux, re-
sulting in pt-product decrease in the low temperature range.

4. Conclusions

From the steady-state photoconductivity measurement we
obtain a photocurrent varying with temperature and photon
flux. Through corrected calculation we gain dark conductiv-
ity and photoconductivity data, and preliminary analysis is ac-
quired. The activation energy is equal to 0.417 eV in the amor-
phous Hgg 78Cdg.22Te thin films. Amorphous thin films are
absent from the thermal quenching effect. The as-grown sam-
ple shows maximum photosensitivity at 240 K, which indicates
the distribution of defect states with temperature variation. The
photosensitivity is higher than that of polycrystalline thin films
in the high temperature range. From the exponent y values, we
know that the as-grown sample shows bimolecular recombina-
tion at 80 K but monomolecular recombination at room tem-
perature. Anomalous behavior of the exponent y, which is as
low as 0.09, is discovered. Intermediate values of y between
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0.5 and 1 indicate that there exists a continuous distribution of
localization states in the mobility gap. The characteristic tem-
perature 7, shows that the width of CBT is higher at room tem-
perature than at low temperatures. The pt-product, which was
calculated from the steady-state photosensitivity, was obtained
in the 10711-107° cm?/V range, which indicates that some de-
fect states exist in the amorphous thin films by the magnetron
sputtering technique.
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