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MICROSTRUCTURAL FEATURES AND COMPONENTIAL ANALYSIS OF THIN FILM

CdS-Cu,S PHOTOSENSING STRUCTURES AS ELEMENT OF IMAGE SENSOR

The mechanisms of signal relaxation, associated with the removal processes of
nonequilibrium charge from the space charge region of the image sensor on the basis
of non-ideal heterojunction were investigated. The mechanism of the observed two-stage
process was determined. Microscopic techniques (AFM, SEM) were used to estimate
heterojunction properties (grain size, roughness) and their relations with heterojunction
processing parameters. Novel results concerning CdS-Cu2S heterojunction surface
morphology and impurities depth distribution were obtained. In particular, the question
of observed variation of surface photosensitivity and components interdiffusion on
heteroborder were clarified. Also the comparison of samples formed by two different
methodics (electrodynamical spraying and vacuum evaporation techniques) was made.
X-Ray diffraction (XRD) was performed in order to detect Cu—S compounds at CdS —
Cu2S heterojunctions, fabricated by the vacuum deposition of CdS on a glass substrate and
Cu2S layer, formed in substitution mode. The distribution of several stoichiometric phases

of copper (I) sulfide was obtained as main result.

Heterojunction (HJ) structures can serve as
basic material of photodetectors for use in opti-
cal communication applications [1]. HJ structure
between p-type Cu,S and n-type CdS is a rather
complicated system because of the interface be-
tween two materials with different band gaps
and crystal structure. Nonideality of considered
CdS-Cu,S structure causes the effect of photon
induced modulation of HJ potential barrier, that
can be used in opto-sensorics and X-ray imaging
applications [2, 3]. High spatial resolution, signal
storage and large working surface are reported as
main advantages of obtained sensor.

The mechanisms of signal relaxation, associat-
ed with the removal processes of nonequilibrium
charge from the space charge region of the im-
age sensor on the basis of non-ideal heterojunc-
tion were investigated. The mechanism of the ob-
served two-stage process was determined: phase
of slow relaxation - implementation of the ther-
mal emission of localized charge, that depends on
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temperature; phase of rapid relaxation - the result
of tunneling mechanism of ejection.

CdS- Cu,S is considered as an interesting com-
pound for photovoltaic applications. Thin film
CdS- Cu,S sells are reported to have conversion
efficiency of more than 9%, low cost and easy
fabrication [4].

However, the heterojunction structure between
p-type Cu,S and n-type CdS is a rather complicat-
ed system because of the interface between two
materials with different electron affinities, band
gaps and crystal structures. The lattice mismatch
and interdiffusion of components cause defect
states at or near the interface that strongly affect
the junction properties. In particular, there is Cu
diffusion into the CdS adjacent to the interface,
which leads to stoichiometry changing of CuxS
layer and may cause shunting effect in CdS layer.
But this process can be used also in positive way.

In [5] the possibility of controlling the phase
structure, composition, and stoichiometry of Cu S



films is discussed. This enables changing cer-
tain optoelectronic properties of studied material
for the fabrication of devices such as nanoscale
switches, sensors, and solar cells.

The research of current transfer processes in
nonideal geteropare CdS-Cu,S allowed develop-
ing image sensor in the X-rays and optical range
with high sensitivity and possibility of signal ac-
cumulation [3, 6].

The data-storage time and sensitivity of the
sensor are determined by relaxation time of non-
equilibrium positive charge. Possible ways of
captured by traps holes removing from the barrier
of non-ideal heterojunction were considered: the
thermal holes emission to the CdS valence band;
direct holes tunneling from trapping centers to
the Cu,S valence band; two-stage free-clectron
tunneling from CdS quasi-neutral region to the
space charge region and subsequent recombina-
tion with nonequilibrium hole; tunnel-hopping
recombination.

Relaxation curves of short-circuit current at
different points of the sensor were obtained ex-
perimentally. The relaxation curve has two well-
marked area: rapid initial photocurrent drop and
then its relatively slow decay. At different points
signal showed decrease with the same character-
istic relaxation time, but very different in mag-
nitude. This suggests, that sensor heterogeneity
on the photosensitivity is caused by a substantial
change of trapping centers concentration along
the surface, that determine the thermal emission
probability.

To clarify mechanisms implemented by charge
release, sensor signal relaxation characteristics
at different temperatures were studied. The time
constants of later relaxation stage decrease with
temperature increasing. This shows the imple-
mentation of thermal mechanism, which deter-
mines relaxation kinetics at this region. Relax-
ation time constants derived from experimen-
tal data and theoretical calculations are in good
agreement and demonstrate the same temperature
dependence. Thus, the current relaxation in con-
sidered part of current dependence is determined
exceptionally by thermal charge emission from
the deep hole traps.

The magnitude and the slope of initial part
of the photocurrent decay don’t depend on tem-
perature. This demonstrates the implementation
of photocurrent relaxation mechanism in this re-
gion, which isn’t due to the thermal release and

has apparently, tunneling character. Assessing the
contribution of tunneling mechanisms in trapped
charge relaxation was carried out by calculating
the barriers tunneling transparency for the cor-
responding transitions. Calculations were made
taking into account the changes of potential bar-
rier shape under illumination [7]. The lack of tem-
perature dependence of relaxation curve is due to
the fact, that the values of barriers tunneling trans-
parency don’t depend on temperature. Account of
tunneling processes leads to characteristics har-
monization of the short-circuit current relaxation
curves obtained experimentally and theoretically.

Experimentally observed phenomenon of in-
vestigated sensor signals relaxation considered
and analyzed theoretically within the model of
relaxation processes in the heterojunction CdS-
Cu,S.

Fig. 1. SEM scanning results for surface
of sample, obtained by electro-hydrodynamic
spraying methodics: CdS surface (a, b), Cu,S
surface (c, d) under 3500* (a, c) and 60 000* (b,
d) zooming

Fig. 2. SEM scanning results for surface of
sample, obtained by vacuum evaporation me-
thodics: CdS surface (a, b), Cu,S surface (¢, d)
under 3500* (a, ¢) and 60 000* (b, d) zooming
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Obtained results enable to understand better
the features of HJ layers forming procedure, the
junction components surface interaction and in-
fluence of external environment on sensor sam-
ples surface characteristics.

Also, various microscopic techniques (AFM,
SEM) were used to estimate HJ properties (grain
size, roughness, luminescence depth distribution)
and their relations with HJ processing parameters

The revealed differences in doping and traps
densities, which lead to significant variations of
electrical characteristics of junctions, can be as-
cribed to layer deposition regimes, to layer thick-
nesses and chemical combination of present com-
pounds.

Main parameters — substrate temperature and
deposition time were varied during films forming
process. Thickness of base layer defines its resis-
tivity and size of formed microctystalls.

X-Ray diffraction (XRD) was performed in
order to detect Cu—S compounds at CdS — Cu,S
heterojunctions, fabricated by the vacuum depo-
sition of CdS on a glass substrate and Cu,S layer,
formed in substitution mode.

Also phase composition of the deposits was
examined by an X-ray diffractometer D8 Advance
(Bruker AXS) with Cu K  radiation (A=1.54183
A, U=40kV, L =40 mA) separated by a curved
multilayer monochromator mounted on the pri-
mary beam.

Fig. 3. XRD pattern of CdS-Cu S HJ sample
(ty,, = 8 min, T =220°C)

Symmetrical ®/20 geometry and grazing inci-
dence (GIXRD) techniques were used and in the
latter case the incidence angle (® angle) was 0.5°.
The XRD patterns were measured in 2@ range
from 20 to 70° in a step scan mode: a step size
(A20) 0.04°, counting duration 5 s.

The diffraction angles some of main peaks cor-
responded to those of hexagonal CdS, and their
relative peak intensities were also similar to those
of the CdS (Fig. 3).

In XRD investigations of considered samples
stoichiometry changing in copper sulphide layer
was observed. Figure 3 show the diffraction an-
gles and relative intensities of the XRD peaks of
the CdS-Cu S films measured experimentally in
this study. Each arrow shows the peak that corre-
spond to possible written compounds (diffraction
angles taken from JCPDS cards).
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Cu, S, Cu, S, Cu S and other modifica-
tions together with Cu,S were detected (Table.
1). So in this case copper atoms diffuse from the
Cu, S layer to base CdS layer during the fabrica-
tion process and later with time. These impurities
can create acceptor centres, which compensate
or even overcompensate for the initially existent
donors in CdS [8].

Table. 1.
Number of XRD peaks for different compounds

in CdS-Cu S HJ

Number of

Cu S compound peaks
monoclinic Cu,S (chalcocite) 5
tetragonal Cu, S 2
monoclinic Cu, S, (djurleite) 3
hexagonal Cu, ,,S 3
tetragonal Cu, S 3
hexagonal Cu,S, (digenite) 0
monoclinic Cu_S, (roxbyite) 10
orthorombic Cu_S, (anilite) 1
hexagonal CuS (covellite). 0

Also Cu diffusion between grain borders of
CdS microcrystalls can cause shunting effect.
Changing of Cu diffusion conditions (and as a
result variations in electrical characterisitics) is
directly connected with deposition time t, ~and
substrate temperature T, . This initial thermal
treatment defines first level of diffusion intensi-
ty and depth. It’s seen, that more Cu S phases in
samples are observed (Fig. 3). For these samples
t,., and T, were maximised.

Diffusion process may continue and later, at
room temperature. That is confirmed by observed
degradation of samples photoelectric properties
with the time.
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Abstract

The mechanisms of signal relaxation, associated with the removal processes of nonequilibrium
charge from the space charge region of the image sensor on the basis of non-ideal heterojunction
were investigated. The mechanism of the observed two-stage process was determined. Microscopic
techniques (AFM, SEM) were used to estimate HJ properties (grain size, roughness) and their rela-
tions with HJ processing parameters. Novel results concerning CdS-Cu,S HJ surface morphology and
impurities depth distribution were obtained. In particular, the question of observed variation of surface
photosensitivity and components interdiffusion on heteroborder were clarified. Also the comparison
of samples formed by two different methodics (electrodynamical spraying and vacuum evaporation
techniques) was made. X-Ray diffraction (XRD) was performed in order to detect Cu—S compounds
at CdS — Cu,S heterojunctions, fabricated by the vacuum deposition of CdS on a glass substrate and
Cu,S layer, formed in substitution mode. The distribution of several stoichiometric phases of copper
(I) sulfide was obtained as main result.
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MHUKPOCTPYKTYPHBIE OCOGEHHOCTH U KOMIIOHEHTHBINA AHAJIN3
TOHKOILTEHOYHBIX ®OTOUYYBCTBUTEJIBHBIX 2JIEMEHTOB CdS-Cu,S

Pe3iome

B pa60Te 6BIJ'II/I HCCJICA0BAHbI MCXaHU3MbI pEIaKCallui CUTHAJIa, CBA3aHHBIC C ITponccCaMu yaajic-
HUS HEPaBHOBECHOTO 3apsia U3 00JIaCTH MPOCTPAHCTBEHHOTO 3apsiia CeHCOpa N300payKeHUsT Ha OCHO-
BC€ HEUACAJIILHOI'O I'€TCPONEpEexoga U X CBA3b CO CTPYKTYPHBIMU 0CO6€HHOCT§IMI/I 1 KOMITIOHCHTHBIM
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coctaBoM 00pa3ioB. beun ncnoiap3oBaHa KOMOWHAIMA MUKPOCKOMMYECKUX MeToauk (ACM, POM)
JUIS OLICHKH MOP(OTIOTUYECKIX CBOMCTB MOBEPXHOCTH (pa3Mmep 3epHa, IMIepOXOBaTOCTh) U UX OTHO-
HIEHUI ¢ TeXHOJOTMYECKUMH MapaMeTpaMy MpH MOJYYSHUU TeTepoCTPyKTyp. bbuin momy4yeHsl HO-
BbIE PE3YJIbTaThl, Kacaroumecs: MOp(oIoruy MOBEpPXHOCTH U ITyOUHBI pacripeesieHus npumeceid. B
YaCTHOCTH, OBIJIM YTOYHEHBI BOIPOCH! O HAOIIOaeMOM U3MEHEHUH ()OTOUYBCTBUTEIBHOCTH TIOBEPX-
HOCTH U B3aMMHOM T1(Qy3ur KOMIIOHEHTOB Ha rereporpanuie. Kpome Toro, nmpoBeneHo cpaBHEHHE
00pa31oB, MOJYYEHHBIX AByMS PA3IUYHBIMU METOJUKAMHU (3JIEKTPOANHAMHYECKOE PACIbUIEHUE pac-
TBOpa METO/Ibl BAKYYMHOTO HcHIapeHHst). Taxke MPUMEHSIICS PEHTI€HOCTPYKTYPHBIH aHaJIN3 C LIEbI0
BBISIBJICHU pa3nnyHbIX (a3 Cu-S B reTeponepexojax, U3roOTOBJICHHBIX BAaKyyMHBIM HallbUICHUEM Ha
CTEKJIIHHOM MOJUIOKKE. B KauecTBe OCHOBHOTO pe3yibTaTa MOJIydYeHO paclpeaesieHHe CTEXHOMETPH-
yeckux (a3 cynppunaa meau (I) B ucciemyeMbIx CEHCOPHBIX CTPYKTYpax.

Ki1roueBble cji0Ba: rereponepexos, CEHCOp N300paXeHus, peaaKcalus CUursana, Mopgosorus mno-
BEPXHOCTH, PEHTT€HOCTPYKTYPHBIH aHAIN3
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MIKPOCTPYKTYPHI OCOBJIUBOCTI TA KOMIIOHEHTHUM AHAJII3
TOHKOILIIBKOBUX ®OTOYYTJIMBUX EJIEMEHTIB CdS-Cu,S

Pesrome

Y po6ori Oynu 1oCiipKeHI MEXaH13MH peJlaKcallii CUTHaY, OB’ si3aHi 3 MpoliecaMy BUIaJICHHS He-
PIBHOBa)KHOTO 3apsily 3 00JIACTI MPOCTOPOBOTO 3apsy CEHCOpa 300pakeHHsI Ha OCHOBI HE1/I€aTbHOTO
reTeporepexoa Ta iX 3B’ 30K 13 CTPYKTYPHUMHU OCOOTMBOCTSIMH 1 KOMITOHEHTHUM CKJIaJIOM 3Pa3KiB .
Byna Bukopucrana kom6inaiis mikpockonigaux Mmetoauk (ACM , PEM ) nns omiHku MopdomoriaHux
ocoOIMBOCTEH MOBEpXHi (pO3Mip 3epHa , MOPCTKICT) Ta iX 3B’S3KYy 3 TEXHOJOTIYHUMH TTapaMeTpa-
MU Tipu (POPMYBaHHI T€TEPOCTPYKTYp. bynu oTpumaHi HOBI pe3yabTaT, 10 CTOCYIOThCS MOp(]oI0-
rii MOBEepXHIi 1 IMOMHM PO3TMOALTY JOMIIIOK . 30KpeMa , Oyl YTOYHEHI MUTaHHS PO CIIOCTEPEKY-
BaHy 3MiHY ()OTOUYTJIMBOCTI MOBEPXHI 1 B3aeMHY nu(y3110 KOMIIOHEHTIB Ha reteporpanuii. Kpim
TOTO, TIPOBECHO MOPIBHAHHS 3pa3KiB, OTPUMAHUX JIBOMA PI3HUMHU METOJIMKAMH (EJIEKTPOIMHAMIUHE
PO3MMIIIOBAHHS PO3YMHY Ta METOJ, BAKYYMHOTO BUIIApOBYBaHH:). TakoXk 3aCTOCOBYBaBCSl PEHTT€HO-
CTPYKTYpHHI aHalli3 3 METOI0 BHUABJICHHS pi3HUX (a3 cronyku Cu-S y rereponepexoiax, BUTOTOB-
JICHWX BaKyyMHUM HaIlWJICHHSIM Ha CKJISHIN MiAkimaani. B sKocTi OCHOBHOTO pe3yabTaTy OTPUMAaHO
po3mnofin crexiomeTpuuHux ¢a3 cyabdiny Miai () B tocnimKyBaHuX CEHCOPHUX CTPYKTypax.

KurouoBi ciioBa: rerepornepexos, CeHCOp 300pa)xeHHs, peraKcallis CurHaity, Mopgosoris HoBepX-
Hi, PEHTTEHOCTPYKTYPHUI aHaIi3
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