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PEM-efiect in graded-gap Cd”™Hgi~Te layers

The spectral responses of the photoelectromagnetic effect (PEM) in epitaxial Cd”™Hgi__".Te layers with the energy gap gradien
at the temperatures ranging between 77 and 300 K have been measured in magnetic Helds 0 < 72 < 2.5 Tesla. The short-circuit
current of the PEM-elfect has been also measured as a function of magnetic Held. Thus information concerning the properties
of the electric transport in those layers have been obtained and the applicability of the examined elements to the wide-band infrared

detectors determined.

1. Introduction

The photoelectromagnetic effect (PEM) was
discovered in 1934 by KiKOIN and NosKOV [1]. The
theoretical description of the PEM-eBect in semi-
conductors was presented in many papers (see for
instance [2, 3, 4]). Some papers concerning the PEM-
-eBect in the mixed Cd"Hg"Te crystals have been
also published (for instance [5,6]), in which the
PEM-eBect in solid crystalline material have been
discussed.

The PEM-eBect has been analysed also in non-
uniform semiconductors with a gradient of energy
gap [7-10]. In particular the theory of the PEM-
-eBect for Cd"Hgi_” Te with an energy gap gradient
was presented in [7, 10]. The PEM-eBect has been
measured in weak magnetic Belds, and the analysis
ofthe measurements have been made under assumption
that the sample under test exhibits a small gradient of
the energy gap. The results obtained were very in-
teresting. They indicate that the examined elements
may be used as the detectors for infrared of relatively
broad spectral response (see also [19]). The life time of
the carriers (electrons) and diBusion length have
been determined. However, the theoretical description
of the PEM-phenomenon in the semiconductor
structure with the energy-gap gradient (and other
band parameters) has been based on some simpliBed
assumptions.

Our examination of the physical properties of the
mixed Cd”Hgj_~"Te crystal and the possibilities of
its practical application for detection of infrared
radiation have been concentrated so far on the
photovoltaic detectors with the p-njunction [11]. The
present paper contains the results of the PEM-eBect,
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measurements in the epitaxial Cd"Hg"Te layers
with the energy gap gradient. The results of these
examinations have been used to describe the transport
eBect in the structure with an energy gap gradient,
and for the infrared detectors design. These detectors -
based on the PEM-eBect —appeared to be sensitive
within a broad wavelength range and did not require
the application of low temperature regime.

2. The PEM -effect in semiconductors with
the energy-gap gradient

The PEM-eBect consists in creation of a photo-
current or photovoltage in the irradiated semicon-
ductor sample immersed in a magnetic Beld. In the
result of irradiation the excess current carriers appear
which diBuse toward the sample inside. These
carriers are deBected by magnetic Beld action, which
results in potential diBerence occurring at the sample
ends. After short-circuiting the sample ends a short-
-circuit current Ig, of PEM-eBect appears in the
external circuit.

The PEM-eBect in the semiconductor sample
with a energy-gap gradient runs similarly. In such
a case, however, the theory describing the PEM-
-eSect is complex. In order to obtain a simple ex-
pression for the short-circuit current of PEM-eBect it
iS necessary to accept some drastic assumptions
(see [10] for example):

1. The energy-gap gradient is small, i.e. the energy
gap changes not more than, for instance, 5% along
1000 lattice constants.

2. The sample is irradiated from the side of
broader energy gap.

3. The light intensity is weak and the excitation is
bipolar.
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4. There are no space charge and trapping centres
in the sample.

5. The surface recombination is negligible with
respect to the volume recombination.

6. The magnetic held is very weak (i.e. /if? 1)

On the basis of these assumptions and using both
the Onsager relation and continuity equation a simple
expression for the short-circuit current of the
PEM-eifect may be obtained for two cases [10]:

1) Bipolar diffusion length determining by the
equation

N2
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changes linearly with the distance. Then
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where B is the magnetic induction value, < denotes
the ratio of equivalent carrier concentrations (&=
and h denotes the ratio of electron to hole
mobilities (h =

2) Effective mass, mobility and concentration are
constant, while the energy gap changes as a function
of thickness. Then
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The expressions (2) and (3) allow to determine the
effective mobility of the PEM-eifect
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The above expressions, in spite of the simplifying
assumptions, may be convenient for analysis of the
experimental results and as such has been used in this
work.

(4)

3. Results and discussion

3.1. Electrical properties of the samples

Epitaxial Cd*"Hg""Te layers with the energy gap
gradient are produced by the method of epitaxial
growth from the gaseous phase [12, 13]. Typical
parameters of the technological process were the
following: temperature 833 K, layer growth time 100
and 225 hours, the thickness of the layers 500-700 pm.
The layers had conductivity of p-type and were
usually strongly compensated [13].

The preparation of the samples of requested
difference in molar compositions, and required energy
gap gradient made by the method of cutting specimens
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out off the epitaxial layer has been shown in fig. 1.
After suitable grinding, polishing and etching the
samples obtained were about of 3x1 xO.I mm while
the energy gap gradient was of order of 10* eV/m,
usually within the region of molar compositions

Fig. 1. A typical molar composition in the expitaxial
layer [13], and an illustration of the way of cutting-out
the sample with a composition gradient

defined by 0.2 < x < 0.8. In order to improve this
stoichiometry and to obtain the samples of n-type
conductivity [13] a part samples prepared in this
way was heated at the mercury vapour atmosphere at
the temperature of 500 K. The contacts for the samples
of p- and n-types have been made according to the
indications given in papers [14, 15] by applying
indium and gold to the n-type and p-types samples,
respectively.

The measurements of the conductivity < and the
Hall voltage 7" were made by the d.c. method.
During the measurements the magnetic held of
induction from 0 to 0.6 Tesla were applied,
while the temperature ranged from 77 to 300 K.
Figs 2 and 3 show the respective results of the
measurements (made on the surface with great x)
for typical samples of p-type conductivity (PEM 309),
and w-type conductivity (PEM 310).

For the samples of p-type (fig. 2) the Hall voltage
depends strongly on magnetic held. In the magnetic
held of induction B = 0.13 Tesla the voltage
changes its sign from positive to negative. In the
magnetic held of induction 72> 0.13 Tesla the voltage
t/jy diminishes almost linearly with the magnetic
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Retd. In strong magnetic Reids, for instance, in the
Reid of induction 1? = 0.5 Tesla the Hall coefRcient
changes its sign in function of temperature. However,
if the magnetic induction is ten times lower the Hall

Fig. 2. Hai! coefficientPconductivity a and mobility
iuy = for a typical layer of ¢j-type.
The insert shows the dependence of the Hal! voitage
upon the magnetic Retd induction

Fig. 3. Hail coefficient P//, conductivity aand mobiii-
ty for a typicai layer of jj-type
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coefRcient is negative and remains negative within
the temperature range 77—300 K. These results sug-
gest a "mixed conductivity", i.e. contribution of both
the electrons (in weak Reids) and holes (dominanting
in strong Reids due to "exclusion” of electrons by the
magnetic Reid) to the transport mechanism in the
samples. From the measurements of Hall coefRcient
and conductivity we calculated the Hall mobility
as a function of temperature and obtained
(77 K) = 0.016 nF/Vs for 1?= 0.5 Tesla. The
value of  obtained in this way concerns in principle
the holes only and is in good agreement with the
hole mobility value in Cdj.Hgi_~Te. For 1?7 = 0.05
Tesla the value of mobility (77 K) = 0.04 rrF/Vs
(connected with the electron contribution to the
transport) is, however, about one order of magnitude
lower than that for "pure" electron mobility which
for such a molar composition (x = 0.72) amounts
to 0.5 nF/Vs [16]. This conRrms the mixed nature of
the transport in the examined samples.
For the jj-type samples (Rg. 3) the Hall voltage
does not change its sign in the magnetic Reid
0<1?7< 05 Tesla and depends almost linearly
upon the Reid strength. The temperature dependence
of the coefRcient 1?" does not aRect the sign within
the temperature range 77-300 K, and has a charac-
ter typical of jj-type samples. In the temperature range
77-160 K the coefRcient 7?* is constant but if dimin-
ishes strongly at elevated temperatures. The inRuence
of the magnetic Reid on the value of 72" and on the
mobility is considerably smaller than in the p-type
samples. The Hall mobility in these samples was
small (of order of 0.3 rrF/Vs) due to a high content
of Cd. For the samples of/j- and jj-types the conductivi-
ty a (of order of 10" Q-i was almost constant
within the temperature range 77-300 K. A detailed
discussion of the electric properties of the epitaxial
Cd™Hgi _"Te layers with the parameters gradient
is presented in the papers [12, 13, 17].

3.2. Spectral response of PEM-effect

The voltage measurements of the PEM-eRect
(CpEM) have been made at two temperatures 77 K
and 300 K, in a conventional measurement setup (see
Rg. 4) using a SMP-3 Carl Zeiss monochromator,
and the magnetic Reid 0 < 77~ 2.5 Tesla. The modu-
lation frequency of the monochromator light Hux
ranged between 10 Hz and 1040 Hz*). The measure-

*) Additional measurements with the application of
frequency up to 12.6 KHz have shown that the effect measured
has not thermal but photon one character. In further measure-
ment the values given above were applied.
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Fig. 4. Scheme of the setup used for the PEM-effect
measurements. M — monochromator, AC — radiation

source of temperature 1500 K, C/; — modulator,
7) —reference detectors, ~ — sampie suspensed in the
magnetic fieid, and NF — nanovoltometer

PEAf

ments carried out aitowed to determine the spectral
dependence of and also the dependence of
photoresponses upon both the value of the magnetic
field induction and the temperature.

Figs 5a and 6 show the spectral characteristics of
the PEM-photoresponses for two selected layers
ofp- and n-types, respectively. The molar composition
determined from the reflection measurement (see
[13]), and given in figs 2 and 3, respectively, defines
the energy gap 7” of the material on the layer boundary
surfaces perpendicular to the direction of the incident
radiation. At the temperature 77 K the following
values of 7~ have been obtained: 7 ~ 1 eV and
MAp N 0.18 eV —for the p-type (PEM 305), and A
N leVand 72 = 0.09 eV — for the n-type (PEM
310). These values restrict in practice the spectral width
of the photoresponses of the examined elements as
shown in the presented figures. For the prevailing
majority of the layers tested the maximum photo-
responses PEM have been observed in the vicinity
of 3-4 p.m wavelength of the radiation. The position
of the maximum was practically little dependent
upon the temperature. However, the long-wavelength
limit of photoresponses moves distinctly towards
the shorter waves as the temperature rises, which
may be related to the positive temperature coefficient
of the energy gap in Cd*Hg,_ ~.Te for the compo-
sitions x < 0.5, i.e. for the material of the layer
inside.

Fig. 5. Spectra) response of the PEM-eSect for a sample ofp-type (a) and n-type (A) at the temperatures 77 K
and 300 K
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Fig. 6. The influence of the magnetic held upon the
spectral characteristics of the PEM photoresponse for
the sample of p-type at temperatures 77 K (a)
and 300 K (A). The composition at the surface:

xi = 0.35, X2 = 0.55

The influence of the magnetic held induction on the
PEM-ehect signal is shown in hg. 6. The deminition
of the held induction 7? battens distinctly the spectral
PEM response diminishing simultaneously the absolute
value of the signal. We have stated that this effect is
more visible in the samples with an energy gap gradient
than in monocrystals of Cd*"Hg”"Te in which this
effect was measured for comparative reasons.

The performed measurements of the PEM photo-
respons dependence on the induction value 72 for
selected radiation wavelengths allowed to determine
the relations 7F//* = [(7?"). The latters are presented
in hgs 7 and 8 for the layer of p- and w-types, at the
presence of weak, medium and strong magnetic
fields, respectively. Within each of those ranges the
experimental relations may be matched to the straight
line-type dependence. Next, using the formulae
given in the section 2 of this work, and the slope
and cut-off values of the straight lines in hgs 7 and 8
the values of the PEM-ehect mobilities may be de-
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Fig. 7. The influence 7F//sc upon 7F for the layer of n-type

for three wavelengths: triangles — 2 jjtm closed circles —3 p.m

and open circles — 4 pm for the weak (a), intermediate (6),
and strong (c) ranges of magnetic fields

termined. For the weak, intermediate and strong
helds, respectively, its amount to: 3.2 - 5.3,
about 1.4; 1.0—1.2, for the p-type; and 13.5-34.0,
3.2- 3.9, 0.5- 1.3 —for the n-type (all in m"/Vs).
The mobility values obtained in this way are, of
course, much greater than those measured in the
transport effects (see section 3.1), because they are
connected with the electrons generated by photons
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Fig. 8. The dependence of upon fP in the layers of

n-type for three wavelengths: triangles — 2 pm, closed circles —

3 pm, open circles — 4 urn, and for the weak (a), medium No),
and strong (c) ranges of magnetic Helds
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from the inside of the layer within the regions
of smaH molar composition. As it is well known
the electron mobility in the conductivity band in
Cd~Hg"Te depends strongly upon the molar com-
position, especially for small x, achieving its maximum
at 77 K at the vicinity of x #0.16 [16]. The presented
above way of determining of the electron mobility
may be particularly applicable in the examination of
the properties of layer inside with the gradient of band
parameters. Although the results obtained in this
way are averaged over some region inside the layer
but its width measured along the incident radiation
direction (i.e. the width of the excitation region or,
in other words, the width of interaction radiation-
-semiconductor) is not greater than several p.m.
This great (about 20 jim) is namely the averaged
diffusion depth of the optically generated electrons
in Cd"Hgi_"Te of the small molar composition
range [7], on the one hand, and the width of effective
absorption region of monochromatic radiation in
Cd™Hgi_~Te with the energy gap gradient on the
other one [18].

The application of the investigated layers with
the gradient of energy gap to the broad-band detectors
for infrared is shown in fig. 9, which shows the spectral
sensitivity of the PEM-effect for the M-type sample.

Fig. 9. Spectral sensitivity of PEM-effect for the n-type
sample

Although the sensitivity of the PEM-effect detectors
is smaller than that of photovoltaic ones with p-n
junctions [11], the first are easier to produce, ft
should be also emphasized that they give relatively
great value of sensitivity at the 300 K temperature
in the broader wavelength band and do not require
any troublesome cooling under the working conditions.
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However, they require, of course, the
magnetic held.

We have stated that the signal was essentially
weaker in the samples strongly doped for the p-type.
It may be concluded that this results from the strong
volume recombination of Shockley-Reed type at low
temperatures (in the vicinity of 77 K) and of Auger
type at high temperatures (in the vicinity of 300 K).
The highest value of the spectral sensitivity have
been observed in the u-type samples and in those
being in the intrinsic state. These samples are most
suitable for infrared detectors based on PEM-eHect.
We have observed that the voltage noise value is
small (and determines the lower level of the examined
signal measurability) and the samples have relatively
short reaction times. Small time constants were
specially characteristic of doped layers of p-type.

installing

doTomarHuTHbIA 3ekT B cnosix Cd*Hg _~Te
CO CTYMEeHYaTbiIM 3HEPreTUYECKUM MNPOMEXYTKOM

M3MepeHa cnekTpasibHas XxapakTepucTuka (OoTOMarHuT-
HOro ahheKkTa B anUTakcuasibHbIX cnossx Cd~Hgi~Te c rpa-
[VEHTOM 3amnpeLLeHHo 30Hbl Mpu TemnepaTypax 77-3000 K
M B MarHUTHbIX nonsax 0 < B < 2,5 Tn. N3MepeH Takxe TOK
KOPOTKOr0 3aMblKaHUs (OTOMarHUTHOrO addekta B (yHK-
UM MarHuTHoro nons. lMonyyeHa vHpopMaLms, KacaroLascs
CBOICTB 3/1EKTPMYECKOr0 TpaHCmopTa B 3TUX C/0SIX W onpeje-
NleHa MPUroAHOCTb UCCMeAyeMbIX 3/1EMEHTOB Ha LUMPOKOMO-
NOCHble [eTeKTOPbl MH(pPaKpacHoin o61acTu.
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