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The structure of luminescence spectra of free excitons in CdS single crystals at T =77 K is investigated.
The dip formation is found in the top part of free A and B exciton resonant peaks of photoluminescence
(PL) spectra after heating of the CdS. crystals followed by fast cooling down to 77 K. Similar effects
are observed when an external electric field is applied. It is shown that the structure of exciton PL
spectra is due to self-absorption of resonance radiation in the near-surface layer with low exciton
concentration. Our calculations demonstrate that the formation of an exciton concentration gradient
may be caused by the influence of a surface electric field on the binding of electron—hole pairs to
excitons. It is assumed that the increase of surface electric fields after heat treatment is caused by the
thermostimulated adsorption of oxygen, which results in the formation of electron trap levels.

Hsyvena CTpykTypa CHEKTPOB JIIOMHHECIEHIUH ~CcBOOOMHBIX skcuTonoB B CdS mpu T = 77 K.
O6HapyXeHO BO3HHKHOBCHHC IPOBAJIOB HA - PE3OHAHCHBIX TOJOCAX MOCHE HArpeBaHHs oOpasiloB
or T =77K. 1o 295-395K ¢ mocienyromuM OBICTPEIM OXJaXKACHHEM, 4 TaKkkKe B pe3yjbTaTte
TIPAJIOKCHHS BHELIHETO BJIeKTPHaecKoro nofst. [ToKasamo, 4To CTPyKTypa CHEKTPOB TFOMEHECIEHIIHH
OOyCIIOBJICHA CAMOTOIJIOMICHEM PE30OHAHCHOTO  H3JyYeHHs B NPHIIOBEPXHOCTHOM CJOE C HU3KOH
KOHICHTpanuel 5KCHTOHOB. Pe3ynbpTaThl pacueToB MOKA3BIBAIOT, 4TO 0GPA30BAHUE TPAIAECHTA KOHIEH-
TPauK SKCHTOHOB MOXET GOBITH BBI3BAHO BIMAHHEM TIOBEPXHOCTHOIO. 3NEKTPHYECKOTO. IO HA
CBS3BIBAHME HOCHTENEH 3apsfa B 3kcuTOHEBL Ilpenmonaraercs, 4TO yBEIMYCHHE IOBEPXHOCTHOTO
JNIEKTPHIECKOTO TIONA NIPH TEPMOOOpaboTKe OOYCIOBICHO TePMOCTHMYJIMPOBAHHON aAcopOmeit
KUCIOPOA, KOTOPas IPUBOJAUT K BOSHHKHOBECHUIO YDOBHE( 3aXBaTa 3/IEKTPOHOB.

1. Introduction

The exciton states are one of the fundamental phenomena in semiconductors. Their
properties are determined by the basic parameters of crystals: significance of effective masses,
dielectric constants, band gap width. The exciton spectroscopy (reflection, absorption, and
luminescence) is-a rather sensitive method to study the surface and bulk properties ‘of
semiconductors: a surface state, the exciton-free layers, the defect formation processes under
various kinds of external actions. The observed PL spectra of free excitons are transformed
because of the influence of polariton effects or absorption reversal effects in a bulk crystal.

In previous works [1, 2] it has been shown that in II-VI crystals, which have a sphalerite
structure, the PL spectra of free excitons have a dip in the short-wave region relative to
the maximum of the resonant band. The formation of such spectral structure was explained

1} Moskovskaya str. 267, 224017 Brest, Belarus.
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by the annihilation of polaritons from the top and bottom branches of the dispersion curve,
by polariton effects, by reabsorption or self-absorption of exciton radiation [2 to 4] because
in line with perturbation theory these crystals have narrow absorption peaks. The authors
of [1] have made the conclusion that in CdS.crystals the above-mentioned effect cannot
take place since due to polariton effects the absorption spectrum has a flat trapezium shape
in the top part.

In the present work the results of a detailed investigation of the found phenomenon of
self-reversal of free exciton lines in the PL spectra of CdS single crystals after low-temperature
heat treatment are included.

2. Experimental

In the CdS single crystals PL was excited by the light of continuous wave lasers and lamps
(A = 325, 365, 436, 441.6 nm). The power density of excitation was varied in the range of
0.01 to 1 W/cm?. The free exciton emission was registered as viewed from the illuminated
surface of a sample. For registration we used the grating monochromator MDR-23 with
linear dispersion 13nm/mm The em1ss1on intensity was registered by using a photo-
multiplier.
~ The CdS crystals were ﬂat parallel plates with surfaces, oriented parallel to the following
planes: (0001), (1120), or (1010). To obtain reproducible surface conditions mechanical and
chemical polishing or cleaving was used.

The electro-optical experiments were carried out by using optical quartz glasses covered
with thin conducting SnO, layers as the first (field-) electrode. The resistivity of the SnO,
layers was about 5 kQ/cm. The copper foil was-used as the second electrode pressed against
the sample with a 2 mm thick teflon spacer. This arrangement was mounted into a cryostat
and cooled to liquid nitrogen temperatilre; A dc high voltage of up to 25 kV was applied
to the electrodes, The temperature of the sample was measured with the help of a thermo-
couple. By heating the cryostat we could obtain any temperature from 77 to 300 K. The
temperature was kept constant by using a thermostat system. During PL spectra recording
the temporal instabilities of the output of lasers and lamps were controlled, and we took
also into account the absorbance of the SnQ, layer.

’ 3. Results

At the excitation of photoluminescence by the continuous emission of a He—Cd laser
(A = 441.6 nm, P = 0.01 W) there are only.spectral bands of A and B free excitons in the
PL spectra of initial high-resistance CdS crystals (¢ > 10%Q cm) (solid curve 1 in Fig. 1).
The spectra of low-resistance samples show also the band I, of bound excitons (solid curves
2, 3 in Fig.1). The heating of crystals from T = 295 to 390 K followed by fast cooling
down toliquid nitrogen temperature results in a dip formation in the contours of free
exciton resonant lines (dotted curves in Fig. 1). The considerably deeper dips form as a
result of heating the samples from T = 77 K to room temperature and fast cooling down
to T = 77 K. In low-resistive samples the dip value is bigger than in high-resistive ones
(Fig: 1). Also, the dip value is greater at the polar surfaces (0001) and (0001) comparable
to the prismatic ones (1010) and (1120). The small dips (5 to 10% of the maximum intensity)
may also form as a result of cleaving the samples in air or even in liquid nitrogen.
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Fig. 1. PL spectra in the exciton régioﬁ for CdS crystals with various values of conductance. Solid
curves initial spectra; dotted curves after heat treatment

The dip value depends on the excitation level (I..). As the excitation intensity increases,
the dip value rises up to its maximum and then decreases. The band profile becomes
smooth again at I,, &~ 1 kW/cm? when the concentration of the electron—hole pairs and
excitons is still small. Therefore, it may be concluded that the disappearance of a dip with
increasing I, is not connected with the destruction of exciton states.

As time passes after the heat treatmient and measurement, the dip values decrease and
the ‘initial spectrum shape is restored. The time taken for dip relaxation depends on the
dip “size “and takes from several ‘hours to several days. The formation of the
dip does not depend on the polarization of the excitation emission, but its position on the-
contour of the spectral bands is determined by the relative orientation of vectors E and C.
When E L C, the dip is localized either at the center of the PL band or slightly shifted to the
short-wave region. When E | C;-it is placed in the long—wav‘e region. The intensity and the
shape of the spectral band of bound excitons as well as the reﬂectlon spectra do not change
when there is a dip'in the free exciton peak. :

To elucidate the role of polariton effects in the formation of the structure of the radiation
‘band of free excitons, the PL and reflection spectra were studied in the temperature region
of 77 to 300K in 5 to 10K steps. The measurements have shown that one can find the
dip in the free exciton resonant band up to T = 130K as long as the exciton structure
in the spectrum is distinctly observed (Fig. 2). So, in this case, we may conclude that
polariton effects play no part since at such high temperatures they are insignificant {5, 6].

4. Discussion

The origin of the dip in the maximum of the resonant bands of exciton PL in CdS is
largely similar to the self-reversal of spectral lines in the atomic spectroscopy {7]. The
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. Fig. 2. PL spectra -of CdS crystals in the
. free-exciton region at various temperatures
(after heat treatment)

radiation at the resonant frequency is
subjected to strong absorption and in
place of the smooth contour of the PL
band the dip arises, if the light passes
through layers with a small concentra-
tion of radiating atoms but with

capability of light absorption [8, 9].

The absorption factor of wide band

- gap semiconductors in the region of
the exciton resonance emission takes
on very large values, 10* to 10°> cm ™!

[1]. The absorption and reflection

spectra in such crystals are well

interpreted in the framework of

classical exciton theory or with help

; of the  polariton model for pure

484 486 488 490 492 samples at low temperatures. How-

: , ‘ A (nm) ever, owing to a large value of the

absorption factor, the reabsorption

and the resonance self-absorpnon of the lummescence light deform the shape of the free
exciton spectral band {1, 2]. :

In [8] it has been. shown that in -CdS crystals the rate of exciton generatlon
caused by the absorption of photons, radiated by free excitons, is negligibly small in
comparison with the rate of generation of free excitons through electron—hole binding.
Hence, the reabsorption of photons is a minor effect compared with their self- absorptlon
and, in this case, the reabsorption can be disregarded. :

A photon appearing with exciton - recombination in CdS has suffiment energy for
self-absorption. The formation of an exciton concentration gradient can be caused by the
influence of the surface. ~

Because the reflection spectra of CdS in the exciton region at low-temperature heat
treatment do not change, it is. possible to assume that the change of surface exciton
annihilation processes does not play a large role in this case. Therefore, the dip formation
in the contour of the free exciton emission band cannot be stimulated by the occurrence
of a defective (“dead”) layer near the surface [10]. It has been shown experimentally [11]
that the thickness of such a layer (about the radius.of an exciton) can be caused by various
effects, such as additional illumination; surface electrical fields with intensity more than the
threshold of the exciton ionization (F,, ~ 10° V/cm for CdS [12]), etc. The effect of
self-absorption in such a layer is 1mp0551ble because a significant part of excuon states is
ionized, hence, there is no exciton absorption. ‘

As our measurements of reflection spectra show, as well as measurements of photo-
reflectance spectra from {13}, heating in air to temperatures below 500 K dees not result
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in any structural changes in the near-surface areas. However, after the low-temperature
heat treatment new surface states can occur, which are due to chemisorption of oxygen
molecules [13]. If the surface of the crystal has been cooled fast, the high-temperature
concentration of oxygen is “frozen”, that results in the change of conductivity of near-surface
areas [14]. In this case, it is considered that the change of surface charge is caused by
trapping of electrons in acceptor surface levels from the conduction band in low-resistance
crystals [15, 16] or photoelectrons of high-resistance samples at optical excitation [13].

Thus, after low-temperature heat treatment, owing to thermostimulated adsorption of
oxygen, at the sample surface an additional bending of energy bands arises. In this case
the surface electrical field increases, but its value remains less than F_, (this is evident from
the analysis of reflectance spectra). As a result the motion characteristics of charge carriers
change in the near-surface areas and, as a consequence, parameters which determine the
probability of formation of exciton states change, too. Therefore, in this area a gradient of
exciton concentration can arise outward from the surface and, thus, a layer with lowered
concentration of radiating centers can be formed.

The experimental and theoretical study of the influence of adsorption on exciton
luminescence spectra [17] shows that the actions of both adsorption and external electrical
field (normal to the surface of a sample) under certain conditions lead to the same effects.
To check our assumption concerning the field mechanism of dip formation we investigated
the influence of an electrostatic external field of various polarity on the form of a free
exciton emission band of CdS single crystals at liquid nitrogen temperature. To observe a
self-absorption effect of exciton emission it is necessary that the depth of field penetration
in the crystal should be less than or equal to the diffusion length of the exciton; then for
measurements we used samples with rather large conductivity (¢ &~ 10 Q cm). In Fig. 3 the
results of these measurements are shown. For a series of samples the application of a
negative field to the field electrode resulted in the formation of a dipin the contour of the
band (curve 2 in Fig. 3). When the field polarity was changed a reduction of the dip depth
was observed with increasing field intensity (curve 3 in Fig. 3).' After achievement of the
field value F = 18.8 kV/cm the dip disappeared completely {curve 4 in Fig. 3). Thus, the
offered model of the formation of a dip may be considered as qualitatively correct.

' We could not find the formation of a dip when an electrical field was applied to the surface of a
high-resistance sample that was, obviously, due to the large value of the Debye shielding length
of the electrical field. The dip, caused by the low-temperature heat treatment in such samples,
is very small in comparison with that in low-resistance samples as already mentioned above.

With interaction between oxygen molecules and the surface of the crystals, the free energy
of the surface and the accommodation factor show strong anisotropy relative to the
crystallographical orientation of the surface and the degree of chemisorption [18, 19], that
can be.caused by the distinction of the packing density of faces and the pyroelectric properties
at sample heating. As the polar planes (0001) and (0001) are the most active ones in terms
of chemisorption, the dip at such orientation should be largest in comparison with other faces.

The evaluation of the levels of excitation used in our experiments shows that at the
created concentration of carriers degeneracy does not take place. Thus, the radiation
lineshape is described in the stationary case and in one-coordinate approximation by the
following equation [20]: :

T = CO) T6) § nes() exp (= k(s) ) dx. : W
' 0 P '
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Fig. 3. PL spectra.of low-resistance
CdS crystal under applied dc
electric ficlds of different strength.
(1) F=0, ) —193, (3) 10,
(4) 18.8 kV/em
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(The crystal has the form of a flat parallel plate, bounded by planes x = 0 and x = d. The
light. of frequency v is incident perpendicularly on the plane x = 0 from the area x < 0.

Here n;,(x)is the concentration of excitons at a point with coordinate x, k(v) the absorption
factor, T'(v) the transmission factor of light of frequency v, incident from the inside on the
crystal surface, C(v) is related to the probability per-unit time of emlmng a photon with
frequency v at exciton annihilation.

To calculate the function n.,(x) the interaction between two subsystems was studied:
a gas of free charge carriers and excitons in the presence of an electrostatic surface field.
Eleetrenic: processes in- such systems are described by four equations: three nonlinear
differential equations of continuity for electrons, holes, and excitons and Poisson’s equation.
The general analysis of such a system is very complicated, so we have used the following
approaches and simplifications to find the distribution function:

1. theexcitation level has a value such that there is no degeneration and the concentrations
of photogenerated carriers (8n and 8p) are far less than the concentration of donors (ng) in
every point of the sample;

2. in low-resistance samples of CdS (n, ~ 102! to 10?2 m ™~ 3) the distribution of majority
carriers (electrons) can be approximately calculated from Boltzmann’s equation n(x) =






