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1. Introduction

For several decades cadmium telluride (CdTe) has served
as a basis for semiconductor x-ray and y-detectors with
quantum energy range extended as compared to silicon
detectors (up to ~1 MeV) [1-3]. One of the key charac-
teristics of the material utilized is electric conductivity
that should be close to intrinsic. CdTe single crystals
(mostly of p-type) prepared by current techniques are char-
acterized by a considerable concentration of residual im-
purities and crystal lattice defects (up to 101°-101 cm3),
therefore semi-insulating behaviour is usually achieved
by donor compensation (for example, by Cl doping). In
the mid-1990s it was found that Cd;_,Zn,Te (x = 0.1) sin-
gle crystals grown by a high-pressure Bridgman method
are less defective as compared to CdTe [4,5]. Neverthe-
less, the problem of reproducibility both of CdTe and
Cd_xZn,Te conductivity remains relevant, and the search
for materials for x- and y~detectors goes on.
CdTe-HgTe alloy with HgTe content about 80% is
well studied in connection with its use in the infrared
radiation detectors for the wavelength range of 8-14 um.
However, the material with a low HgTe content, poten-
tially suitable for the use in x-and y-detectors, is practi-
cally unstudied. Attractive, among other things, is the
narrowing of bandgap E, (as compared to CdTe) resul-
ting from Hg introduction to the crystal lattice (in con-
trast to the extension of £, in Cd;_Zn,Te resulting from
Zn introduction), as long as it leads to reduction of the
average energy of atom ionization by a high-energy quan-

tum. The reduction of resistivity caused by narrowing of
the bandgap can be compensated by thermoelectric cool-
ing used in CdTe and Cd;_yZn,Te detectors [6].

Below are the results of studying Cd;_Hg,Te single
crystals with the bandgap 1.37 eV (x = 0.05). From opti-
cal, electric and photoelectric measurements, the param-
eters, which determine the material resistivity and the
efficiency of carrier collection in x- and j~detectors, have
been found: the energy-level depth of impurities (crystal-
lattice defects), the compensation degree, the carrier life-
time and the surface-recombination velocity.

2. Samples

Cd;xHg,Te (x = 0.05) single crystals of p-type were
grown by a vertical Bridgman method. In the growth proc-
ess, the crystals were vanadium (V) doped (10! cm™3).
The introduction of V produces deep levels near the mid-
dle of the bandgap, which together with the compensat-
ing action of other impurities and defects leads to the
increase in the material resistivity [7]. As shown by our
optical measurements, Hg content in various ingot parts
proved to be somewhat different. The resistivity of sam-
ples was also different. The results shown below were
obtained on the wafers cut from the middle-ingot part.

The bandgap of the material E, was found from the
optical transmission spectra for the plates with mirror
surfaces. From the measured transmission 7 the absorp-
tion coefficient @ was found by the formula taking into
account multiple reflections in the sample:
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where d is the plate thickness, and R is the reflectivity
slightly varied within the edge of intrinsic absorption and
assumed equal to 0.22 in the calculation [8§].

As long as interband transitions in Cd;_ Hg,Te are
direct, for the determination of E, the absorption curves
a(hv) were plotted in coordinates o versus the photon
energy hv. Asis seen from Fig. 1, a relatively slow varia-
tion of orin the transparency region of the crystal is going
toits drastic increase at 4zv > 1.35eV. In the region where
o> 100 cm™!, a linear portion of the curve intersects the
abscissa axis at the energy E, =1.37 ¢V. According to
the empirical dependence of the Cd;_4Hg,Te bandgap on
the mercury content and temperature Ey(x,7) =-0.302 +
+1.93x + 5.35x107*7(1 — 2x) — 0.81x2 + 0.832x3 (which
is well satisfied in the region of low x) [9] the value of
E,=1.37 ¢V is matched by x = 0.05.

Ohmic contacts for electric measurements were made
by vacuum evaporation of Al at the substrate tempera-
ture of 200 °C. Prior to deposition, the crystal surface
was treated by argon ions with the energy of 500 eV. It
should be noted that high-quality ohmic contacts can be
easier obtained with Cd;_ Hg, Te than with CdTe. Good
results are also achieved by vacuum gold evaporation
and chemical copper deposition. High stability both of
the bulk and the surface of samples has also engaged our
attention. On keeping for more than a year the semi-insu-
lating single crystals with the exposed surface have dem-
onstrated no changes in their conductivity.
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Fig. 1. Spectral dependence of absorption in the Cdgg¢sHgg osTe
single crystal at 300 K.
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3. Conductivity of the crystals

Fig. 2 represents typical temperature dependences of re-
sistivity p for two Cdg 9sHgg osTe single crystals with dif-
ferent values of p at room temperature.

Investigations made during recent decades have shown
that mobilities of electrons u, and holes 4, in intention-
ally undoped CdTe crystals at the temperatures above
~200 K are determined by deformation optical-phonon
scattering and are given by expressions close to [10,11]:

i, =5.5%1087732 cm?/(V-s), )

1, =4x10°T "2 em?(V's), ?)

whence follow quite real values u, = 1058 cm?/V-s and
u, =171 cm?/V-s at 300 K [5]. One can suppose that these
expressions are also applicable to Cd;_Hg, Te with a low
Hg content, i.e., the electron and hole mobilities are pro-
portional to 7-2. On the other hand, the effective densi-
ties of states in the conduction and valence bands, N, =
= 2(mkT 1 22h)*'? and N, =2(mpkT/22h)*'? the ex-
pression for resistivity

1
P @
eni, +epu,
are proportional to 752 (m,, and m; are the effective

masses, n and p are the concentrations of electrons and
holes, respectively). Thus, the temperature dependence
of the resistivity is determined by exponential factors of
the type exp(-AE/kT), i.e., the slope of the p(7T) depend-
ence plotted as logp versus 1000/ T yields the activation
energy of the conductivity AE that for crystals with resis-
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Fig. 2. Temperature dependences of resistivity p for the
Cdg 9sHgg osTe crystal with p = 9x10* and 1x10° Q-cm at 300 K.
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tivity 9x10* and 1x10° Ohm-cm is equal to 0.31 eV and
0.63 eV, respectively.

The conductivity of CdTe single crystals and alloys
close in composition to CdTe (for example, Cd;_,Zn,Te)
is determined by impurities and crystal lattice defects
whose concentration can reach 10°-1016 cm— [12,13].
Applying the same approach to the single crystals under
study, one should take into account the compensation
effects, as long as both the donor and acceptor levels were
found in the bandgap. Consideration of statistics of elec-
trons and holes in p-type semiconductor leads to two char-
acteristic temperature dependences of the hole concen-
tration [14,15]:

N,-Ny E,
~—4 4 N expl -—% ;
P Ny, Y I{ kTJ )

E
p=y{N,N, exp(——aJ (©)
2kT

at high and low compensation degrees, respectively (N,
and N, are the acceptor and donor concentrations).

Conspicuous is the fact that the slopes of the straight
lines in Fig. 2 are almost 2-fold different. Hence, it can
be supposed that the samples with high and low resistiv-
ity correspond to strong and weak compensation of the
same acceptor, respectively. In conformity with Egs. (5)
and (6), in the first case the activation energy AE is equal
to the acceptor ionization energy E,, whereas in the sec-
ond case AE = E,/2. This assumption is proved by an
analysis of temperature variation in the Fermi level posi-
tion for the samples under study.

Measuring the Fermi level energy Ap from the valence-
band top (Fig. 3), for the electron and hole concentrations
in the conduction and valence bands one can write:

E,-A
n=N, exp(—gk—T#J (7

p=N, exp(— 2—;‘) ®)

(Since the conductivity of sample with a high resistivity is
close to intrinsic, one has to take into account both the elec-
tron and hole components in Eq. (1)). Solving Eq. (1) for Ay,
with allowance made for Egs. (2), (3), (5) and (6), yields

2 2 2
- 1-4e%0%, 1,

Au=kTIn| 5
2epp,n; /N,

©)

where n; = (NN,)" 2exp(—Eg/2kT) is the intrinsic carrier
concentration.

The circles in Fig. 4 indicate the temperature depen-
dences of the Fermi energy level Au(7) found from the
measured curves p(7T) by the formula (9). As can be seen,
for the two samples there is qualitative difference in the
behaviour of the curves Au(7) that might be expected
bearing in mind the difference in the compensation de-
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Fig. 3. Energy levels of impurities (defects) in the compensated
semiconductor discussed in the work.

grees in both cases. The conductivity of sample with a
higher resistivity is close to intrinsic for Cdg 9sHgg ¢sTe
(p = 2x10° Ohm-cm at 300 K), but the Fermi level is lo-
cated slightly lower than the middle of the bandgap, i.e.,
the semiconductor has a weakly expressed p-type con-
ductivity.

Let us consider a semiconductor with an acceptor level
located by E, above the top of the valence band and a
donor level located by E; below the bottom of the con-
duction band (E, and E is the acceptor and donor ioni-
zation energy, respectively). As before, we shall denote
the acceptor and donor concentrations by N, and N,. In
the chosen calculation system, the concentrations of ion-
ized acceptors N, and donors N :; can be expressed as

Ny

NT = 10
d E,—E;—Mu (10)
exp| —T +1
N, = Na (11)
¢ E,-Au
exp| T +1

(degeneracy factors are omitted, which is equivalent to
introducing only a small error into the value of impurity
ionization energy). The Fermi energy level Au is found
from the electroneutrality condition that for the model
under consideration is of the form

- +
n+N, =p+N,

(12)

Based on the assumption made, we shall take the depth
of the acceptor level E,=0.63 eV. The compensating
effect of donor is independent of the value E, if its level is
located several k T'above the acceptor level. For certainty,
we shall take E;= 0.1 eV. We shall also take the accep-
tor concentration N, equal to 10'® cm=3 (in conformity
with Eq. (5), in the temperature range under study the
results of calculations do not depend on the value N, but
only on its relation to N;).
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Fig. 4. Temperature dependences of the Fermi level energy
(measured from the top of the valence band) calculated by Eq. (9)
(solid lines) and obtained from the curves p(7) presented in
Fig.2 (circles).

Setting different values of Eg, E,, Eg4, N,, one can now
calculate the curves Au(7), using donor concentration N,
as a parameter. The results of such a calculation for dif-
ferent values of £ = N,/N, are represented in Fig. 4 by
solid lines. As can be seen, the values of Au found from the
experimental dependences p(7) are in a good agreement
with the calculated curves for £ =0.7 and & = 0 for the
samples with a high and low resistivity, respectively. Thus,
the assumption as to the mechanism of compensated im-
purity conductivity is justified and, what is more, correla-
tion between the experimental and calculation results
mabkes it possible to determine the degree of compensa-
tion for the samples under study. The measured curve p(7)
for weakly compensated sample with Eq. (6) also allows
to determine the acceptor concentration N,. This concen-
tration has turned out to be equal to 7x10'> cm™ that is in
good agreement with the data reported elsewhere [12,13].

Naturally, in addition to the level considered above,
the existence of other levels in the semiconductor bandgap
must not be ruled out either. However, the Fermi level
position, hence the electric conductivity, in compensated
semiconductor, are completely determined by partially
compensated deep level. Less deep levels (E, < 0.35¢V,
see Fig. 3) are completely compensated and do not affect
the process of compensation of deeper levels. Similarly,
one may not consider the levels located several kT'above
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the partially compensated level, since their occupation
with electrons need not be taken into account.

In the above calculations, the temperature variation
of the semiconductor bandgap was ignored. The inclu-
sion of this variation, would also necessitate taking into
account the temperature dependence of the level depth in
the bandgap. On the other hand, it would only introduce
some corrections into the resulting semiconductor param-
eters because of the relatively narrow temperature range
used (270-350 K).

4. Lifetime and surface recombination velocity

Along with electric conductivity, the carrier lifetime is a
most critical parameter of a semiconductor utilized in x-
and y~detector. The small lifetime value in CdTe and
Cd;4Zn,Te restricts the efficiency of collection of carriers
produced by absorbed quantum, owing to which a fairly
high voltage has to be applied to the detector (several hun-
dreds of volts for the crystal thickness of several millimeters),
leading to undesirable increase in the "dark" current.

The carrier lifetime can be found by measuring pho-
toconductivity in the region of fundamental semiconduc-
tor absorption, i.e., phenomenon based on the intrinsic
photoeftect like detection of x- and yquantums. (Compton
scattering and generation of electron-positron pairs by
the absorbed high-energy quantum is of minor impor-
tance). It is also important that the photoconductivity
can be investigated using the crystal cut for x- and ¥
detector and supplied with the same ohmic contacts. Be-
sides, photoconductivity, like collection of carriers when
detecting x- and y-quantums, is adversely affected by the
surface recombination.

Let us consider photoconductivity of plate of thickness d
irradiated by photon flux @ (the number of photons inci-
dent on the unit area per unit of time), as is shown in Fig. 5.

The photon flux decreases along coordinate x as
D(x) = Pyexp(—ax), and the velocity of the electron-hole
pairs generation g(x) as g(x) = —d®/dx = ®yo-exp(—owx).
In section x, the electric current density is determined by
carrier drift and diffusion:

(13)

where F'is the electric-field strength, and D,, is the elec-
tron diffusion coefficient.

Under steady-state conditions the surface recombi-
nation on the front and back surfaces (sections x = 0 and
x = d) is compensated by inflow of electrons and holes.
Therefore

di
Jjn =eFu,n+eD, a
dx

dAn(0)

$,40(0) =2 j,(0) =D, (14)

dAn(d)
15
I (15)

where S), is the surface recombination velocity, and An is
the excess electron concentration equal to the excess hole
concentration for interband transitions.
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Fig. 5. Photoresponse spectrum of Cdg gsHgg osTe crystal at 300 K.
The insert shows the schematic diagram of a semiconductor slab
with two ohmic contacts.

From the continuity equation for electrons

1dj, An

2 An
=D, LA 4 @0 exp(—ox) =0
edx T "t T 00t exp(-ox)

(16)

n n
with regard for (13), (14), (15) and (16) one can find the
excess electron concentration An = An(x, «). The total
number of excess electrons (related to unit area of irradi-
ated surface) is found by integration of An(x) from 0 to d.
Solution of similar equations can be found elsewhere
[16,17]:

d
An(er) = _[An(x,a) — .7, l_e"p(_ad)d x
0 1+S”icoth —_—
L, 2L,
(17)
coth 4 — oL, coth od
x| 14 SnLn 2Ly 2
D, 1-o?12

where L, = (1,D,)"? is the diffusion length of electrons
(i.e., minority carriers).

The resulting expression is inconvenient for compari-
son to experiment if the lifetime and surface recombina-
tion velocity of carriers are unknown. However, it can be
simplified using the fact that coth(y) = 1 at y > 5. The dif-
fusion length of electrons in CdTe and Cd_Zn,Te can-
not exceed 100 um (7, = 10%s, D, = 25 cm?/s at 300 K),
the detector thickness is generally 2-5 mm, therefore
coth(d/2L,) = 1 and coth(oud/2) = 1 for &>100cm™!. Thus,
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in a wide variation range of &> 100 cm™! a simpler ex-
pression for An() is valid:

An(o) = Qg

1—exp(-ad) 1+SnLn 1 (18)
SnTn Dn 1+OCLn

1+
Letting o approach e, we obtain the value of An in

L}’l
the saturation region

1
An(e) = Dot —— (19)
14208
L

n

and dividing An(eo) by An(cr)-An(0), we obtain the value
that is /inearly dependent on oz
An(e) _ D,
An(e)—An(e) S,L,

(I+aL,) (20)

Thus, having the measured photoconductivity spectrum
over a wide spectral range and using the slope and cutoff
on the plot of An(e)/[An(cx)-An(<)] versus o, one can de-
termine the diffusion length of minority carriers (hence,
their lifetime) and the surface recombination velocity.
Note that to find these important parameters it will suf-
fice to measure the photoconductivity in relative units
(i.e., to use the spectral dependence of photocurrent
Ly(hv).

Fig.5 shows the photoconductivity spectrum of
Cdy.9sHgg ¢5Te single crystal measured with allowance
made for the photon number distribution at the exit slit of
the spectral system. The spectral curve has a sharp maxi-
mum in the region of the intrinsic absorption edge (1.37—
1.38 eV). With the increase in photon energy, a fairly
rapid reduction in photosensitivity (evidence of surface
recombination) with a tendency to saturation is observed,
making it possible to determine the value of An(e) ap-
pearing in Eq. (20).

The absorption curve o(/hv) for the plates 100-200 um
thick can be obtained only for a < 200-300 cm™!. Ex-
pansion to the region of o = 10°~10° cm ! using the trans-
mission curves involves serious difficulties, as long as it
requires the superthin plates, moreover, with their opti-
cal properties differing from those of bulk samples [18].
One can use, however, the fact that for alloys close in
composition to CdTe, the absorption curves of/v), found
from the spectral dependences of the refraction n(hv) and
absorption indexes x(/v) as o = 2wxk/c (c is the light veloc-
ity in vacuum), practically coincide in the region of pho-
ton energy exceeding E, by ~0.2 ¢V [8]. As compared to
CdTe, the alloy absorption edge is shifted along the axis
of photon energy by the appropriate value, but its behav-
iour ohv) is also well reproducible. This allows to obtain
the absorption curve Cdg 9sHg o5Te by "attaching" the
measured absorption edge to the dependence o(hv) for
CdTe taken from Ref. [8]. The results of this manipula-
tion are shown in Fig. 6.

Fig. 6 also shows correlation of the measured photo-
conductivity spectrum for Cd 9sHgg ¢5Te single crystal
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Fig. 6. a — The absorption curves for the Cdg¢sHg osTe and
CdTe crystals at 300 K. The circles show the results of measure-
ments, the solid lines in the region a > 104 cm™! are taken from
Ref. [8]. b — Correlation of the dependence An(e) with Eq. (20).

with Eq. (20). The excess electron concentration, as al-
ready mentioned, is replaced by photocurrent 7,,(hv), and
I,(=) is used to denote its value in the region of large o
(in the high-energy spectral region). As expected, on the
resulting dependence, a section approximated by a
straight line is observed. (At low « there is a sharp up-
ward deviation where condition coth(od/2) = 11is not met.)
The cutoffs of the straight line on the axes yield the sur-
face-recombination velocity S, = (3-3.5)x107 cm/s, the
electron diffusion length L, = 1.3—1.7 um, and the elec-
tron lifetime 7,=(0.7-1.2)x107° s (D, = 25 cm?/s at
300 K). Such a small value of 7, is attributable to the
presence of deep levels in the bandgap due to heavy V
doping, which is also proved by the results of studying
the surface-barrier structures on a similar material [19].
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5. Conclusions

V-doped Cd 9sHg o5 Te single crystals with the bandgap
1.37 eV and the resistivity in the range from 10* to
10°0Ohm-cm at 300 K have been prepared. The conduc-
tivity mechanism of the crystals under study is of com-
pensated impurity nature, and the difference in the con-
ductivity of various ingot parts is caused by different com-
pensation degrees. For conducting samples the compen-
sation degree (N,/N,) is low, whereas for semi-insulating
samples it reaches ~0.7. Measurement of the photocon-
ductivity spectrum makes it possible to determine pre-
cisely the surface recombination velocity, diffusion length
and minority carrier lifetime. The resulting electron life-
time in semi-insulating Cd 9sHgg ¢sTe is ~107 s.
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