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Abstract:  The structural characteristics and optical and electrical properties of molecular-beam-epitaxy (MBE) grown
ZnS, Seq 5 thin films on indium-tin-oxide (ITO) glass substrates were investigated in this work. The X-ray diffraction (XRD)
results indicated that high quality polycrystalline ZnS,gSeq, thin film grown at the optimized temperature had a preferred
orientation along the (111) planes. The transmission electron microscopy (TEM) cross-sectional micrograph of the sample
showed a well defined columnar structure with lateral crystal dimension in the order of a few hundred angstroms. Ultraviolet
(UV) photoresponsivity as high as 0.01 A/W had been demonstrated and for wavelengths longer than 450 nm, the response
was down from the peak response by more than 3 orders of magnitude. The thin ZnSggSe,, photosensor layer, with a wide
energy gap and anisotropic electrical property, makes a transmission UV liquid crystal light valve (LCLV) with high reso-

lution feasible.
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INTRODUCTION

Liquid crystal light valves (LCLV) are devices
whose function is to convert an input image pos-
sessing specific wavelength, intensity and coher-
ence to an output image in which some or all of these
parameters are varied (Efron ef al., 1985). Therefore,
they can be used as image amplifiers for large screen
projection display, image wavelength converters
and incoherent-to-coherent image converters for
optical data processing and correlation. The appli-
cation potentialities are defined by the LCLV de-
vice's excellent operating characteristics, among
which the input sensitivity, spatial resolution and
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response speed are important. Work was started on
reflective light valve projectors by Hughes Elec-
tronics in the early 1970s, and more-or-less simul-
taneously, by AT&T Bell Labs. Different types of
LCLVs using CdS/CdTe heterojunction (Natu and
Casasent, 1979), GaAs (Armitage et al., 1989), Si
(Efron et al., 1985), Bi;3,S510,9 (BSO) (Aubourg et
al., 1982) and a-Si:H (Qiao et al., 1991) as the
photosensitive layer had been studied and fabricated
in the past 30 years. However, nearly all of them
were used in the visible to infrared spectrum region.
ZnS-based II-VI wide-band-gap semiconductors
offer opportunity for developing opto-electronic
devices that can combine high sensitivity in the
ultraviolet (UV) region with negligible sensitivity in
the visible region. The authors recently demon-
strated that the molecular beam epitaxy (MBE)
grown polycrystalline ZnS,Se;, thin films on in-
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dium-tin-oxide (ITO) coated glass had the potential
to fulfill the demanding requirements of a novel
visible blind UV LCLV in reflection mode because
of its good photo-to-dark impedance ratio, large area
coverage, tunable wavelength response, thin film
type and low temperature deposition (Shen et al.,
2001). To expand the availability of LCLV in op-
tical information processing and optical computing,
researchers have also desired an LCLV operating in
a transmission mode. In this work, we focus our
attention on the structural characteristics and optical
and electrical properties of the columnar ZnSg gSey »
thin film with (111) planes preferred orientation
used for high-resolution UV LCLV in transmission
mode.

EXPERIMENT

ZnSy gSeg, thin films used in this study were
fabricated using a VG V80H MBE system. The
pre-growth treatment of the substrate is essential for
obtaining high quality ZnSjSeq, thin film. Com-
mercial ITO coated quartz glass substrates were first
cleaned using Decon 90 detergent and then rinsed in
de-ionized water (18.2 MQcm) in an ultrasonic bath
for 30 minutes at 40 °C. After being baked dry at 100

°C for 1 hour, they were loaded into the MBE system.

Prior to the deposition, the substrates were pre-
heated at 380 °C for 20 minutes. The growth of
ZnS 3Seq » thin films was carried out using ZnS and
ZnSe compound sources. The substrate temperature
was kept at 280 °C. More detailed information about
the growth conditions can be found elsewhere (Shen
et al., 2002). The as-grown thin film was cut into
several pieces for various structural characteriza-
tions. Crystallinity of the films was examined using
a Philips PW1830 powder X-ray diffraction (XRD)
system which uses the Cu Ko radiation (1=1.540562
A). Standard /20 scans were performed with 26
ranging from 15° to 65°. To investigate the micro-
structure of the film, high quality cross sectional
specimens with minimum damage for transmission
electron microscopy (TEM) study were prepared
first by mechanical polishing and then argon ion
milling with successively decreasing ion-accelerati-
ng voltage. The cross sectional images were then

taken in a Philips CM20 TEM at 200 kV. Photo-
current responsivity measurements were carried out
on a set of Au arrays with the thickness of 100 A as
the top transparent electrode. The light source was
provided by a 150 W xenon arc lamp. The light
beam was first dispersed using a monochromator
and then focused onto the mesa area. At each
wavelength, the power of the light incident on the
mesa was carefully measured using a Newport 835
optical power meter that uses a UV-enhanced Si
photodiode (818UV) as the detector. The spectral
response of this power meter had been calibrated by
the manufacturer. The short-circuit photocurrent
was measured using a digital current meter (Keith-
ley model 237) with high sensitivity and precision.
For the dark conductivity measurements, arrays of
either Au or In cells each with thickness of 2000 A
were fabricated as the top electrode using the ra-
dio-frequency (RF) sputtering technique and stan-
dard photolithography.

DEVICE CONFIGURATION AND MECHANISM

The UV LCLV in transmission mode has a
simple structure consisting of a ZnS;gSe, photo-
sensitive layer and a liquid crystal layer sandwiched
by two ITO coated quartz glass substrates as the
transparent electrode. The input UV optical image
activates the ZnS;sSep, photosensor, which pro-
duces a corresponding charge image that provides
the electric field for the liquid crystal material.
Modulation of the readout light is achieved by
successive passes through the liquid crystal element
in a transmission scheme. A cross section of the
transmission UV LCLYV is illustrated in Fig.1. It can
be proved (Du et al., 1992) that at d.c. operation, the
voltage drop across the liquid-crystal layer, Vic,
under a total applied bias V' is given by

y

=~
DY
RPS

Vic (D

+1
LC
where R\ ¢, resistance of the liquid crystal layer; Ry,

dark resistance of the photosensor layer; Y, direction
perpendicular to the photosensor and liquid crystal
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layers. Eq.(1) indicates that in order to efficiently
modulate the voltage across the LC layer, Rp.

should be of the same order as R c. Considering the
same area and nearly same thickness of the photo-
sensor and liquid crystal layer, this also means the
conductivity of these two layers should be in the
same order.
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Fig.1 Cross sectional view of the ZnS, gSey, UV LCLYV in
a transmission mode

The signal charge (electron) spread in the
photosensor is a main factor affecting the resolution.
The lateral spread of the signal charge due to diffu-
sion is given by

L=+/Dt 2)

Where L, the radius of diffusion; D, diffusion coef-
ficient; ¢, spread time.
Using the Einstein relationship:

D = kTpyle, 3)

where uy, charge carrier mobility parallel to the
photosensor layer;

t= dlfs Iy Ves, 4)

where dps, the thickness of photosensor; Vps, vol-
tage drop in photosensor; uy, charge carrier mobility
perpendicular to the photosensor layer.

We have

2L = 2dps "leuX/eVPS:uY (5)

as the effective charge spreading in the ZnS;sSe .,
photosensor layer.

Eq.(5) indicates that high resolution is associ-
ated with thin photosensor layer and the low ratio of
Ux/uy. In the first approximation, based on the all
loss mechanisms of the device, the ratio of the de-
vice resolution with an anisotropic and isotropic
photosensor respectively can be described as
(Vladimirov et al., 1996):

= (6)

DY
S_A _ \/GLCdLC + Opg s
DX
S Orcdic + Ops dps

where dyc, thickness of liquid crystal layer; oLc,
conductivity of liquid crystal layer; X, direction
parallel to the photosensor and liquid crystal layers;
Sa and Sy,

DY

photosensor (g, > o ) and isotropic photosensor

the device resolution with an anisotropic

(Op =0y ) » respectively.
Eq.(6) again indicates larger o, than op, in

the photosensor will improve the resolution of the
device as compared to an isotropic structural pho-

. DY _ __DX
tosensor with oy =0 -

RESULTS

In our previous studies, we found the structural
characteristics of the polycrystalline ZnS,Se;_, thin
film strongly depend on the growth temperature
(Shen et al., 2002). High quality ZnS;gSeq, thin
film was obtained under the optimized temperature
0f 280 °C. The photocurrent responsivity at zero bias
measured for the sample achieved a peak respon-
sivity of about 0.01 A/W at 360 nm. Fig.2 shows the
photocurrent response as a function of the incident
photon wavelength for ZnS(gSep, thin film. The
responsivity has a rather sharp transition; in fact, for
wavelengths longer than 450 nm, the response is
down from the peak response by more than 3 orders
of magnitude, showing very good visible rejection.
The significant drop in the short wavelength end of
the photoresponse as shown in Fig.2 cannot be fully
explained by the reduction of the incoming photons
per unit power as the wavelength decreases. We be-
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Fig.2 Photocurrent responsivity as a function of photon
wavelength of ZnS, sSe,, sample

lieved that this observation may be attributed to the
shallow penetration depth of short-wavelength UV
radiation leading to a more significant loss of
photo-carriers due to recombination at defects and
grain boundaries of the film. Fig.3 shows the spec-
tral transmittance of the ZnS(gSe;, / ITO layer
measured with a UV/VIS spectrophotometer (Lam-
bda 20). The ZnSygSep, / ITO layer shows a high
transmittance (>60%) for light wavelength longer
than 400 nm. These results showed that ZnS, gSeq >
thin film can be used in a transmission mode UV

LCLV with read-out wavelength longer than 450 nm.
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Fig.3 Spectral transmittance of the ZnS,3Se,,/ITO layer

Fig.4a and 4b show the X-ray diffraction pat-
terns obtained for the ITO substrate and ZnS, gSeq >
sample, respectively. From inspection of Fig.4, one
can see that the diffraction patterns of the substrate
shows the typical ITO fingerprints with the diffrac-
tion line from (400) plane being the dominant
component. And the as-grown ZnS;Seq, thin film
shows a single diffraction peak located near the
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Fig.4 X-ray diffraction patterns of ITO substrate and
ZnS 3Seq, / ITO thin film
(a) ITO substrate (b) ZnS;gSeq,/ITO thin film

standard (111) peak of cubic ZnS at 26=28.5°. It is
well known that pure ZnS and ZnSe exist in two
crystalline phases, i.e., a cubic form with sphalerite
structure and a hexagonal form with wurtzite
structure. As to ZnS, the cubic form (c-ZnS) is the
low temperature phase and the hexagonal form
(h-ZnS) is the polymorph stable at high tempera-
tures greater than 1020 °C (Tagliente et al., 1999).
Because there are usually just a few peaks in the
diffractograms, and many d-values between the two
phases are overlapped or only have very small dif-
ference, it is difficult to distinguish these two phases
from thin film samples (Ihanus et al., 1997). How-
ever, absence of diffraction from any hexagonal
planes indicated that the ZnS;gSep, thin film was
polycrystalline with most probably zinc sulfide
cubic structure and showed (111) preferred orienta-
tion. Fig.5 shows its cross-sectional TEM micro-
graph from which one can clearly see a well defined
columnar structure grew from the substrate with
lateral crystal dimension in the order of 500—650
angstroms.
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Fig.5 TEM cross sectional image of ZnS 3Se,, / ITO thin
film
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Fig.6 shows the typical dark I-V plots meas-
ured perpendicular to the film. The ITO film was
used as the bottom electrode. The I-V characteristics
of the sample show a quasi-linear relationship for
the bias range of =5 V to 5 V. At least five cells were
taken from the sample for these measurements. The
dark conductivity was extracted from a simple linear
fitting of these I-V characteristics. These data in-
dicated that the columnar ZnS; gSeq , thin film had a
larger longitudinal conductivity of 1.7x10™% (Qcm)™
than the transverse conductivity of 3.6x107" (Qcm)'1
measured by a high resistance meter (Model ZC 36).
For polycrystalline thin films, it is believed that the
carrier transport mechanism is dominated by carrier
scattering through the inherent inter-crystalline
boundaries, the so-called grain boundaries, rather
than other intra-crystalline characteristics. The dif-
ference of the conductivity may be due to the ani-
sotropic structure of the columnar ZnS,gSe(, thin
film with (111) preferred orientation. Since the
conductivity of the LC layer used in LCLV devices
was in the order of 107" (Qcm)'l, one can see that
the longitudinal conductivity of the ZnSj gSeq, film
is a very good match with the conductivity re-
quirement as described in Eq.(1). Considering the
low conductivity of the ZnSsSep, thin film of
1.7x10™" (Qcm)™ grown by MBE; the thin photo-
sensor layer can be made to fit the resistance re-
quirement of the device. This favors obtaining high
resolution UV LCLV. What is more, the anisotropic
conductivity of the photosensor improves the device
resolution further as described before. An im-
provement of about 28% in the resolution of UV
LCLV made by columnar ZnS, gSe(, thin film has
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Fig.6 The typical longitudinal I-V plots obtained for
ZnS, 3Se( , photosensor

been obtained as compared to the normal one with
isotropic structural photosensor. More detailed re-
sults of device characteristics will be reported
elsewhere.

CONCLUSION

In summary, investigation of various structural
characterizations and optical and electrical proper-
ties of molecular-beam-epitaxy grown ZnSggSe.,
thin film grown on indium-tin-oxide substrates was
carried out. The sample grown at the optimized
temperature of 280 °C had a preferred orientation
along (111) planes; and that its TEM cross-sectional
micrograph had a well defined columnar structure.
Room temperature photo-responsivity measurement
performed on these thin films showed that the cur-
rent responsivity in the UV spectral region was as
high as 0.01 A/W; and that for wavelengths longer
than 450 nm, the response was down from the peak
response by more than 3 orders of magnitude.
Anisotropic electrical property with longitudinal
conductivity larger than the transverse conductivity
had been obtained in the film. The thin ZnS,gSeq.»
photosensor layer, with a wide energy gap and
anisotropic electrical property, makes a transmis-
sion UV LCLV with high resolution feasible.
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