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A generalized model of the photoelectromagnetic effect (PME)
in epitaxial layers (EL) is formulated that takes into account a
presence of the space charge region (SCR) on the free surface and
the graded gap region (GGP) at the interface with a substrate.
It is shown that the diffusion currents of excess minority carriers,
on the one hand, and their drift currents in SCR and GGP, on
the other one, may flow in alternative directions and, when the
latter currents dominate, the sign of photoelectromagnetic current
JpMmEe can take an opposite value thus allowilng observation of
the anomalous PME. Dependences of this phenomenon on the
exciting radiation frequency, degree of the gap bending Y, and
illumination direction (through the free surface or substrate) are
analyzed. The model-predicted results are in good agreement
with the experimental data obtained for Cd,Hg;_,Te samples
(r =~ 0.20). These can be used for the determination of EL
parameters.

Epitaxial layers formed on the basis of the narrow-
gap semiconductor compound Cd,Hg;_,Te (CMT) are
widely used in the IR photoelectronics for creation of
photodetectors operating in the spectral regions from
3 to 5 um and 8 to 14 um (see, for example, [1, 2]).
Successful employment of EL. CMTs as high-sensitive
IR devices rises up a question of exact determination of
the charge carriers’ electric parameters. Usually, these
parameters of equilibrium charge carriers are calculated
from the dependence of the Hall coefficient and
electric conductivity on magnetic field and temperature.
However, some important parameters, such as the
carrier life or surface recombination velocity, as well
as the distribution of these parameters over the
layer depth, can be obtained from the photoelectric
and photoelectromagnetic measurements only. But a
complexity of the real structure of ELs makes it difficult
to give a theoretic description of the photoconductivity
(PC) and PME phenomena in these structures and to
interpret related experimental results.

First of all, the thickness of ELs (10 to 25 ym) turns
out to be of the same order of magnitude as the diffusion
length Ly of charge carriers. Because of this, the charge
carriers’ lifetime is determined by a state of both the
illuminated surface and the EL/substrate interface. A
specific feature of the CMT ELs is also the presence
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of positive charge on the anode-oxide free surface (the
corresponding gaps’ bending can be straightened by
means of a short-time UV irradiation [1]). Besides, an EL
may include the GGRs. In ELs grown, for example, by
means of the liquid-phase epitaxy technique, the GGRs
are formed due to a Cd molecules diffusion out off the
substrate or buffer layer which are formed, in general, of
a wide-gap CdTe crystal. In ELs grown by the molecular-
beam epitaxy (MBE) with a purpose of suppression of
the surface recombination [3], in some cases, graded-gap
areas are formed whose energy gap increases towards
their outer boundaries.

The mentioned peculiarities of the EL structure cause
essential anomalies in the PME manifestation. These
lead to the PME signal amplitude to depend largely on
a wavelength of the irradiating light and, for certain
parameters of the epitaxial structure, a multiple PME
sign alternation can occur.

We have constructed a generalized model of PME
in ELs that accounts for both the space-charge region
(SCR) on a free surface and a presence of GGR on
the EL/substrate interface. A typical general scheme of
such n-type EL grown by the liquid-phase epitaxy is
shown in Fig. 1,a. In this case we believe, basing on
the experimental data [1], that there exist donor states
of energy ; and surface concentration N; on the oxide
layer adjacent to the free surface. A positive charge of
ionized donors causes a bending of gaps, which usually is
written in arbitrary units: Y = (¢/kT)[¢, — o] (¢ is
electron charge, ¥y — middle band-gap potential in the
quasi-neutral region, and 1) — surface value of the latter
potential). Later on, a lscr-thick layer enriched by the
majority carriers is formed near the surface. Instead, a
GGR region is located near the interface between z =
lggr and = = d, whose band gap increases towards the
substrate.

By applying a standard procedure of PME
consideration [4], we can show easily that the short-
circuit current flowing through a d-thick n-type EL
illuminated from the free surface side equals

Jeme = qh(0r, + 6p) Dy [Ap(0) — Ap(d)+
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+%/VEg(w)Ap(x)dx]. (1)

Here, h is the plate width, 6,, = (H/c)unp(E)
— Hall’'s angles for electrons and holes (un,(E) are
the corresponding mobility values which, generally
speaking, are dependent of the carriers’ energy FE),
Dpnm = <[Dp,n/(1+9%,n)]>v Drnp = (kT/q)l’Ln’p(E)
— diffusion coefficients of electrons and holes, (...)
is the energy-averaging symbol. Excessive carriers’
concentration Ap(z) is found as a resolution of the
continuity equation with boundary-value conditions
accounting for both the generation and recombination
on the free surface and interface.

The first two summands enclosed in square brackets
(1) describe the usual case of PME in a thin plate [4],
whereas the third one determines the influence of the
graded-gap feature [5] (it is obvious that in the EL
model we have chosen and presented in Fig. 1,a, the
third summand should be integrated from z = lggr
to = d). In this arrangement, influence of the SCR
is taken into account within the model of the effective
surface recombination rate so that depends on the bands’
bending value Y and possesses a physical sense of the
“supply” rate of carriers from the bulk to the plane
2 = lscr. Such a simplified model allows, in many (but
not in all!) cases, exclusion of the processes of movement
and recombination in the SCR from the consideration,
which are rather complicated to be analyzed since these
are determined not only by a diffusion, but also by a
drift in the SCR-caused field.

Limits of applicability of this model are discussed,
for example, in [6]. These limits are fixed to meet the
requirement of keeping the quasi-equilibrium of charge
carriers in a space of the SCR’s boundary and on the
surface independently of a generation manner of non-
equilibrium carriers. In particular, relationship Ly >>
Iscr should be valid in these circumstances, i.e., the
diffusion length has to be much longer than the SCR size.

A specific feature of EL analysis (1) is the fact of
insufficiency of application, when solving the continuity
equation, of the boundary-value conditions in the form
of on-surface generation, since the d layer’s thickness
is small (for CMT, this may be of the same order of
magnitude as the reciprocal absorption coefficient a™1).
Instead, the in-bulk generation of carriers should be
exactly accounted for. This fact makes the general-case
determination of the PME current to be computationally
cumbersome and depending on a chosen model and
specific EL parameters.
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Fig. 1. Schemes of the CMT EL of n-type (a) and p-type (b). o
is the level of chemical potential

In some cases, however, one can obtain rather
important analytical solutions, as was shown in [7].
Thus, for the case of a small graded-gap slope (i.e.,
VE,;/kT << 1, and the last summand in square brackets
in (1) can be neglected as compared with the two
initial ones), the PME-current expression can be written
analytically.

For the case of in-surface light absorption in a thin
EL, for which Lg > d, the relationship ad >> [ is valid,
and, taking into account the relationship so >> s4 (that
is, the interface recombination is slowed-down because
of the presence of the GGR), we have

1

=qh(0,+6,) D,y ————.
Jeme = qh(0n + 0,)Dpn 50t DynJd

(2)

Here, I is the intensity of the incident light (for
simplification, the quantum yield is considered to equal
unity). If the interface recombination rate is low, that
means sq << Dppr/d (this relationship is, as a rule, met,
in particular, for CMT ELs investigated in [1]), then
expression (2) radically simplifies: the PME current is
not dependent of recombination on the surfaces at all,
and is fully determined by the Hall mobility of carriers.
Under such conditions, the dependence of Jpyg(H) can
be employed for a handy and reliable determination of
these mobility values.

Instead, if the following conditions are met: i) the
reverse relationship ad << 1 is true, ii) the carriers
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are absorbed almost uniformly throughout the whole
EL thickness (in the CMT, this takes place in the
vicinity of the intrinsic absorption edge), iii) so >> sq,
and iv) additional conditions sg, s¢ >> Dym/Lgq and
ch(d/Lg)e ®? > 1 are valid, then we can obtain [7]

Lda(ch(Lid)e_ad - 1)

JpME = —qh(en + 6 )D ul
pe sash()

(3)

As is seen from (3), the PME current alters its
direction and takes a negative value. Physically, this
is explained by the fact of excess of the current of
carriers flowing to the illuminated surface, over the
diffusion current flowing from the illuminated surface
to the EL/substrate interface (the latter current is of
minor significance since the light is absorbed almost
uniformly throughout the whole EL thickness). Note
that within the frame of the above inequalities the
anomalous PME current increases in proportion as the
absorption coefficient does grow up.

Now, let us consider qualitatively the opposite
case of a high-graded gap, VE,/kT >> 1, in which
we already cannot neglect the third square-brackets-
enclosed summand of Eq. (1). Under the condition of
a constant graded-gap gradient in GGR, we can rewrite
the square-brackets-enclosed expression as

d
ngg / Ap(z)dz. (4)

lcar

Ap(0) — Ap(d) +

As can be easily seen, expression (4) can also change
its sign due to the factor VE,/kT, provided that
the absorption is quite constant throughout the whole
sample’s depth up to a plane inside the GGR for which
E, equals the energy of an incident quantum, and
excessive concentrations of holes on both the illuminated
surface and the plane * = Iggr do differ not very
much, but yet considerably larger than in the plane
x = d (this is the case if a CMT material on the
CMT /substrate interface is already a sufficiently wide-
band one). Physically, this implies that the drift current
of minority holes in the GGR, which is directed from
the interface to the illuminated surface, exceeds their
diffusion current flowing from the illuminated surface to
the interface (which also includes the diffusion current

cpCn Nt (po + no)

flowing to a GGR, for which hw < E,(z) and generation
does not occur).

Expression for PME current in an EL illuminated
through the interface can be written analogously to Eq.
(1). But in this case, directions of the holes’ diffusion
current and their drift current in a GGR do coincide. An
anomalous sign of the PME current may be caused solely
by an in-SCR drift current of holes directed towards
the interface and by a reverse diffusion current flowing
into the wide-gap zone of GGR, where a generation
does not occur (see Fig. 1,a). But this effect may
occur, as estimations show, only in the vicinity of the
intrinsic absorption edge (IAE), where the concentration
of excessive carriers is almost constant in the quasi-
neutral region of the EL.

Therefore, in n-type EL illuminated from the free-
surface side, the anomalous PME can be realized for
two causes: i) because of a high rate of recombination
on the illuminated surface and ii) because of the
influence of GGR in which the minority carriers’
drift current is directed oppositely to the illumination-
induced diffusion current. In the case of the through-
interface illumination, the anomalous PME may take
place due to i) the drift current of holes in SCR, which
flows oppositely to the illumination-induced diffusion
current, and ii) the inverse-directed diffusion current
flowing into the “wide-gap” zone of GGR. However, in
all cases, validity of certain relationships between the EL
parameters must be kept and, first of all, the condition
of approximately uniform absorption of light throughout
the EL thickness that can be realized only in the vicinity
of the TAE.

As was already mentioned, the state of the free
surface and, hence, the recombination rate on it can
be controlled with a short-time UV irradiation of
a sample. This leads to recharging of deep electron
states and straightening of the energy bands, whose
bending approaches zero (Y; = 0). It is important that,
under sufficiently low temperatures (T' < 100 K), the
recharging can be conserved practically for an arbitrary
time interval. Let us consider in what way the zones’
straightening can influence the above-described effects.

In a general case, the coefficient of free-surface
recombination, which goes under equilibrium conditions
through donors with concentration N; and energy Ei,
equals [6]

Sp =
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(5)
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Here, ng, po are the coefficients of equilibrium
carriers in the quasi-neutral region of EL, ¢, , — the
coefficients of capture of electrons and holes by a donor,
and F; = qip; — the middle energy of band-gap (see Fig.
1). For n-type material, ng >> po, and, with taking into
account the asymmetry of capture by the donor center,
cn >> ¢p, expression (5) essentially simplifies:

So = cpNte_Ys. (6)

This equation shows that the free-surface
recombination rate essentially boosts when there is
applied the UV straightening of energy zones to achieve
the condition of Yy = 0. Because of this, illumination
from the free surface provides relationship (3) to become
valid more easily, and the anomalous-sign PME is
observed in the whole spectral region. Instead, the
through-interface illumination executed under the zones’
straightening conditions leads to the disappearance of
the main factor of a possible emergence of the anomalous
sign of PME, and, hence, the PME current flows in the
normal direction in the whole spectral region.

In a similar way, we consider the problem of PME
in a p-type EL (Fig. 1,b). In this case, the short-
circuit expression is written in form (1) with an obvious
replacement Dp,g — D,g (provided that the quasi-
neutrality condition An(z) = Ap(z) is kept). Similarly,
for this case, expressions (2) and (3) can be easily
rewritten to describe the PME current under the
condition of a weakly-varying gap, and to analyze Eq.
(4) in the case of a highly-varied one.

Because of this, we dwell only on the essential
differences. In contrast with the n-type ELs, in the p-
type ones, a conductivity inversion is formed (the SCR
conductivity is electronic here) near the illuminated
surface due to surface donors. If a sample is illuminated
through the free surface, the electrons’ drift currents flow
towards the illuminated surface in both the SCR and
GGR and, as estimations show, they dominate in typical
CMT ELs over the diffusion current flowing towards
the interface. Furthermore, this is true even for the
surface absorption, since movable electrons from SCR
make the main contribution. In [8], we have considered a
similar effect in thick CMT layers. (Note that the criteria
of introduction of the surface recombination parameter
turn out to be inapplicable in this case, and the drift and
recombination of carriers in SCR should be considered
immediately.) Therefore, here we have the anomalous
PME sign in the whole spectral region.

In contrary to the above, under the through-interface
illumination of a sample, both the diffusion current and
the drift ones in both SCR and GGR are flowing in one
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direction. Because of this, the only cause of the PME
manifestation is the diffusion into the wide-gap region of
SCR. But its intensity is low for the typical parameters
of CMT EL and the PME sign should be normal in the
whole spectral region.

The UV-induced straightening of band gaps in a p-
type material eliminates the drift current of electrons
in the SCR and, thus, the anomalous PME in a sample
illuminated through the free surface can occur only in
a narrow spectral window due to the causes discussed
above when considering an n-type material: i) high rate
of the surface recombination, so >> s4 and ii) influence
of GGR. Let us note separately that, if the conductivity
inversion is eliminated in the sub-surface layer of SCR
by the band-gap straightening, we can employ the sg
parameter anew in the form (5). At the same time, since
the surface center is a donor, the relation ¢, >> ¢, is
valid hereinafter, but, in this case, the relation ng << pg
is met for concentrations of majority carriers. Therefore,
expression (5), with taking into account the adduced
relationships, is again essentially simplified:

S0 = cpp—ONte*YS. (7)
o

As numerical estimations show, so value achieved
after the band gaps are straightened (Y; = 0), may
turn out to be sufficient for realization of conditions
of relationship (3) and manifestation of the anomalous
PME (which, however, is not so perceptible as in the
case of availability of the electron-conduction SCR
layer). Instead, if the sample is illuminated through
the interface side, a weak anomalous PME may occur
near the TAE. This PME manifestation is caused by a
contrary diffusion current of electrons flowing towards
the plane x = d from the plane z = Iggr in which the
electrons begin to be generated (at that, the excessive
carriers are not generated in the GGR itself).

The spectral dependences of PME current were
measured in Els of Cd,Hgi_,Te (x = 0.20) of n-
and p-type grown by the liquid-phase epitaxy technique
[1]. In these experiments, the concentration |N, — Ny|
of active dopants constituted (0.5 + 10) - 101® cm=2,
and an immobile high-density (10! to 102 cm=2)
positive charge was available on the free surface before
its irradiation. Presence of the graded-gap region was
checked by profiling a distribution of hard solution
components throughout an EL by means of the electron
probe technique. The probe scanning was carried out
over a chip surface along a line perpendicular to the
plane of the Cd,Hg;_,Te/CdTe hetero-border. The
PME measurements have been accomplished for two
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Fig. 2. Spectral dependences of the short-circuit current of PME
in 17-pm-thick n-CMT EL illuminated from the free-surface side
(@) and through the substrate () before (curve 1) and after (curve
2) irradiation at T'= 80 K

illumination directions: from the free surface of EL and
through its substrate.

Spectral dependences of PME current obtained at
T = 80 K are presented in Fig. 2 (n-type material) and
Fig. 3 (p-type). As is seen from the curves adduced, in
the n-type material, in the vicinity of IAE, the PME
current is of the normal sign. This is explained by a lack
of the carriers generated in GGR under such values of
A, and there always exists an intense diffusion current
that flows towards the interface and exceeds the current
directed towards the illuminated surface even for large
values of sg (Such an effect was considered in [9]). For
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Fig. 3. The same as in Fig. 2, but for 25-pm-thick p-CMT

slightly shorter values of A, the anomalous PME
is realized because of the above-considered causes.
Finally, far from TAE, PME always possesses normal
sign, thus confirming our preliminary conclusions.
Moreover, the straightening of band-gaps leads, due to
an augmentation of sg, to a sharp increasing of the
anomalous component of PME that was observed in the
experiment as well.

When an electronic material was illuminated through
the interface, an “image” was observed that also agrees
with the above-described model: a weak anomalous PME
is manifested near IAE, but it practically disappears
after being subjected to UV irradiation. Because of this,
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Fig. 4. Spectral dependences of photoconductivity in n-CMT EL
(the same sample and conditions as in Fig. 2)

it can be connected, certainly, with the above-described
drift movement of holes in the SCR.

In a p-type material irradiated from the free-
surface side, the anomalous PME, as the model
predicts, is realized in the EL of n-type material.
Instead, under the through-interface irradiation, a
weak anomaly is observed near TAE that is caused
by a diffusion stream in the SCR and emerges
only after the UV straightening of the energy
bands.

For comparison, in Fig. 4, the spectral dependences
of photoconductivity in a n-type EL are shown. As
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is seen, the UV straightening of bands leads to the
essential reduction of photoconductivity because of
boosting the surface recombination rate in accordance
with expression (6). However, as is seen from the
presented curves, the photoconductivity, as being a
function of the recombination parameters of surface
and bulk of the EL, is a less sensitive characteristic of
structural inhomogeneities of the layer, in particular,
as to the presence of the SCR. Therefore, these
are the spectral characteristics of PME that allow
obtaining, through their investigation, a more detailed
information on the structure and properties of CMT
ELs.

So, the analysis of PME in CMT ELs of n-
and p-type of conductivity shows that the diffusion
currents of excessive minority carriers in the quasi-
neutral region, on the one hand, and their diffusion
currents in the carriers-non-generating parts of the
SCR, on the other one, can flow in opposite
directions. As a result, under a domination of
the latter currents, the Jpyg current’s sign may
alter to the negative one, and the anomalous
photoelectromagnetic effect is manifested. Dependences
of this phenomenon on the excitation radiation
frequency, Y value, and the direction of irradiation
(from the free surface or through the substrate)
are analyzed. The results obtained on base of this
model are in good agreement with experimental data.
These can be employed for determination of the EL
parameters.
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®OTOEJEKTPOMATHITHII EGEKT B ENITAKCIMHUX
IITAPAX Cd,Hg; ,Te

C.I'. TI'acan-3ade, C.B. Cmaputi, M.B. Cmpizxa,
I'.A. Illeneavcoruti

Peszmowme
[Tob6ymoBaHO y3arajabHEeHY MOJenb (OTOeJTeKTPOMArHITHOTO edeK-
Ty (PME) B enitakcifinnx mapax (EIIT) 3 ypaxyBaurasM sk 00macti

npocroposoro 3apsaay (OI13) mo6su3y BiiIbHOI MOBEpXHi, TaK i Ha-
sBHOCT] O6sacTi Bapusorrocti (OB3) Ha Mexi 3 niaxiaakowo. ITo-
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Ka3aHo, IO Audy3iliHi CTPyMH HEOCHOBHUX HAJJIMIIKOBHUX HOCIIB,
3 oguoro GoKy, Ta Ixui mpeiidosi crpymu B OII3 ta OB3 — 3 in-
IOTO, MOXKYTb MAaTH Pi3HUI HANIPAMOK. 3a JOMIHYBAaHHS OCTaHHIX
3HaK CTpyMy JpME MOXKE 3MIHUTHCS HA IPOTUJIEXKHUM, B Pe3yiIb-
TaTi 9oro cmocrepiraruMerncs siBuine aHoMajibHOoro ®ME. IIpo-
AHAJII30BAHO 3aJI€KHICTb IIHOTO SBHUINA BiJl YaCTOTU 30y I2KYIOUOTO
BHIIPOMIHIOBAHHS, BiJ] BeJMYNHN BUTHHY 30H Y Ta Bim cmocoby
ocBiTienus (3 60Ky BiIbHOI MOBEpXHi, 4i 3 OOKY migKIagKu). Pe-
3yJIBTATH PO3IJISALY MOl Z0Ope y3rOmKyIOThCS 3 JAHUMH €KC-
nepumenty, orpumanuMu Ha EIl CdzHgi—,Te (z ~ 0.20). Ot-
xKe, ix MokHa Oyje 3aCTOCOBYBAaTH JJjIsi BU3HAYEHHs [1apaMerpiB
EIII.
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