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Final Technical Report

Project: Persistent Phntoconductivity in II-VI Mixed Semiconductors: Related
Critical Phenomena and Applications (AFOSR-90-0318)
From: Hongxing Jiang, Department of Physics, Kansas State University

Data: March 26, 1991

During the period of Aug. 1, 1990 to Jan. 31, 1991, the following reseaxch
activities have been carried out in studying persistent photoconductivity (PPC)

in II-VI mixed semiconductors and related device applications:

1. New Type of Materials. We measured PPC in a new type of II-VI mixed
semiconductors, Zn,Cd;.,Te. It is very encouraging that strong PPC exists in
these materials at room temperatures. The decay time constants of PPC at
different temperatures and excitation photon dose have been measured.
Furthermore, the PPC behavior has been investigated under different bias voltage,
V. We found for the first time that the decay time constants can be controlled
‘by Vy, which is very important for device applications. The sensitivity of
optical infrared quenching of PPC under different bias wvoltage 1is under

investigation,

2. PPC in II-VI Semiconductoxr Thin Films. It is very important to understand the

PPC behavior in semiconductor thin films since eventually all the novel opto-
electronic devices utilizing PPC mechanism will be fabricated from thin films.
Thin film samples were successfully grown from bulk materials on glass substrates

by sputtering and laser ablation methods. The samples we made are Zn,Cd,.,Te and
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Cds,Se;., thin films with thickness about 1 um. These thin film samples exhibit
PPC effect up to room temperatures, The remarkable finding is that the lifetimes
of PPC are extremely long in thin film samples which is consistent with our

proposed model for PPC and is very important for novel device applications.

3. Comparison Between II-VI and III1-V Semiconductors. To understand the

fundamental properties of PPC in 1I1-VI materials, comparison experiments for II-
VI and III-V materials (Al,Ga;.,As) are necessary. Many different properties
between these two types of materials have been distinguished. Some of the

important distinctions are list below:

II-V1 iI1-v
Room temperature PPC Yes No
Optical infrared quenching of PPC Yes No
Transition behavior Yes No
4. PPC Transjent Behavior. For infrared detector or charge storage image device

applications, it is important to understand the PPC build-up behavior at room
temperatures., In order to find out how fast one could build-up PPC level, we
performed build-up experiments under the excitation with the same amount of
photon dose but different light intensities. By controlling the timing of an
optical shutter, we could build up PPC as fast as a few milliseconds which is the
shortest timz response we could test because of the response limitation of the
apparatus in my laboratory. In order to see the PPC build-up behavior within the
time scale as short as microseconds or even nanoseconds, a high intensity fast

light source will be needed.




At this stage, we understand better about the fundamental properties of PPC
in II-VI semiconductor alloys. We have confirmed that the PPC phenomenon in II-
VI semiconductor alloys is both fundamentally and technologically very important
and interesting. Physical mechanisms of PPC in II-VI and III-V materials have
been distinguished and their behavior were found to be very different. Because
of unique properties of PPC in II-VI semiconductor alloys, such as long lifetime,
room temperature PPC, and optical infrared quenching, future novel opto-
electronic devices utilizing PPC effect in II-VI semiconductor allnys are very
promising.

Two papers based on the research results described above are accepted for
publications. Several others are under preparations. These results were also
presented in conferences. Some relevant materials are also included in this

Final Technical Report.
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Persistent bﬁotoconductlvlty in 11-VI and 1ll-V semiconductor alioys

and a novel Infrared detector
H. X. Jiang, G. Browr,, and J. Y, Lin¥

Depariment of Physics, Cardwell Hall, Kansas State University, ianhattan, Kansas 66506-2061
{Received 8 October 1990; accepted for publication 2 February 1991)

Persistent photoconductivity (PPC) mechanisms, as well as the similarities and the
differences of PPC properties in I1I-VI and I1I-V semiconductor alloys have been investigated.
The potential applications based on PPC phenomenon in these two kinds of materials

are discussed. We have observed that PPC induced in a 11-VI mixed crystal by visible (above
band gap) illumination can be quenched by long wavelength infrared radiation ever at

room :emperature, which further supports our interpretation that PPC in I1-VI mixed
crystais is caused by random local potential fluctuations induced by compositiunal
fluctustions. A newly developed infrared detector based on the PPC infrared quenching
property of 11-VI semiconductor alloys is also reported.

Persistent photuconductivity (PPC) phenomenon ob-
served in a variety of semiconductors is currently under
intensive investigation. Most studies on this subject have
been concentrated on AL,Ga,;_ ,As (x > 0.22) in which
the defects (DX centers) are a well-known cause of strong
PPC effect at temperatures T < 150 K. Hence, PPC is very
often taken as an evidence for atomic defect centers in
semiconductors which supposedly have unusual proper-
ties.! Recently, a percolation transition has been observed
in_I1-VI semiconductor alloys in the PPC mode, which
that the spatial separation between stored
charge carriers by random local-potential fluctuations
(RLPF) caused by compositional fluctuations is responsi-
ble for PPC observed in these materials.>* In fact, previous
work on impurity doped and compensated semiconductors
has indicated that microscopic inhomogeneity caused by
impurity distribution is the most likely reason for PPC
phenomenon.®> Full understanding of PPC is very impor-
tant from the point of view of practical applications. The
PPC effect can be utilized to optically vary the carrier
concentration in a single semiconductor by simply varying
excitation photon dose. Because most semiconductors ex-
hibit the PPC effect only at low temperatures (150 K or
below), device applications based on PPC phenomenon
have not been previously established.

Because of different mecnanisms for PPC observed in
I1-VI and I11-V semiconductor alloys, the potential appli-
cations based on this phenomenon in these 1wo kinds of
materials could be very different. In this communication,
we present PPC results for [1-V and 1J-VI semiconductor
alloys. We also report the results on a Zng ;Cdy;Se [-VI
mixed crystal in which PPC gencrated by visible (above
band gap) illumination can be quenched very etfectively by
long wavelength (5-18 pm) nfrared radiation even at
room temperatures. Based on this PPCoiatrared quenching
property, a novel infrared detector vould be constructed. A
nurrber-of advantageous festures of this mirared detector
will'tie discussed. The comparison between PPC properties

in II-VI and III-V semiconductor alloys will be concen-
irated on the following three aspects: PPC decay behavior,
temperature region for existence o and the property
of opticalquenching of PEC, (Z4F 7470

PPC decay behaviors have been investigated for these
materials. In Figs. 1 and 2, we show representative PPC
decay curves for Zng,Cdy,Se and Alo_@m , Tespec-
tively. A similar behavior observed here is that PPC decay
follows a stretched-exponential function at low tempera-
tures (T<90 K for Alg3GagsAs® and 70 K< T<220 K
for  Zng3CdosSe’), Tooc(t)= Ippc(O)expl~ (#/7)P),
where 7 is the relaxation time constant and B the decay
exponent. Although the PPC decay in both kinds of mate-
rials can be described by stretched-exponential functions,
the decay parameters are very different. For II-VI semi-
conductors, 8 is around 0.8 and  is on the ordes of 10° s,
For Alg3GagAs, B and r are on the order of 0.2 and @
13 5, respectively, at low temperatures.

Furthermore, the Arrhenius plots, In 7 vs 1/ T, show
two distinctive decay, regions for both I1I-V and TI-VI

s emne,

semiconductor alloys;”which is cau,od by different decay
mechanisms involved in the high- and iow-temperature re-
gions. For Aly3Gay4As after excitation with certain pho-
ton dose, T has an activated temperature dependence in the
region of T'> 40 K. This is because at T> 40 K, the decay
ot PPCis caused by thermal activation of electron capture
by DX centers and thus the slope of the Arrhenius plot in
the region of 7> 40 K represents the electron capture en-
ergy by the DX centers. At low temperatures (7< 40 K),
the decay of PPC is caused tiy multiphonon tunneling cap-
ture 1n configurational space according to the large lattice
relaxation (LT R) model,%%9 or by wavefunction overlap in
K-space between the electrons in the I'-conduction band
and impuraies (DX centers) linked to the L-conduction
hand according to the L-conduction band effective-mass
state model. """ For [1-VI semiconductor alloys, the PPC
decay is caused by wavefunction overlap between electrons
and holes in real space at low temperatures and by electron

“Present and permanent address Department of Physics, The Coversaity of Sorthern fowa, Calar Balls {A 50014,
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FIG. 1. Decay of PPCin Zng yCdg 7S¢ at 200 K (@®®) and 293K (***).
The dark current has been subtracted out. Esch curve is normalized to
unity at t= 0, the moment excitation light is removed.

thermal activation from the local potential minima to max-
ima to recombine with holes at high temperatures; there-
fore, the thermal barrier approximated from the high-
temperature region corresponds to the average energy
difference between the local potential minima and maxima.
In Fig. 3, we show a schematic of the real space po-
tential profile at the conduction and the valence band edges
of a II-VI mixed crystal. Because of compositional fluctu-
ations, photoexcited electrons (holes) are stored in low
potential sites in the conduction (valence) band. Spatially,
potential sites in the conduction band are separated
“Trom.1fiose in the valence band leading to very long carrier
lifetimes, Consequently, the electron-hole recombination
barrier £, depends uniquely on the degree of the fluctu-
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FIG. 2. Decay of PPCan Aly3GagqAs at 40 K (7#7) and 150K ( 90®)
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FIG. 3. Schematic of the real space energy diagram at the conduction and
the valencc band edges (k= 0); it represents a profile of randoin local-
potentinl fluctuations caused by compositional fluctuations in a 11-V1
mixed semiconductor. The meandering lines show band bending. The
solid lines labeled C and V indicate, respectively, the positions of the
conduction band and the valence band edges in the absence of the random
local-potential Auctuations. The lower solid line in the conduction band
shows the clectron quasi-Fermi level, the dashed-dotted line shows the
electron percolation level. Photoexcited electrons and holes are stored in
shaded regions (after Ref. 5).

ation of ‘the sample, which is about 100 meV for
Zny3Cdy;Se and is only about a few meV for a higher
quality (lower degree of compositional fluctuations)
CdSy sSeg s sample.”

Furthermore, in Zny3Cd,, 7S¢, below a certain temper-
awure, T<70 K, the electrons are highly localized and the
charge transport becomes negligible and no PPC effect can
be observed. As temperature increases, the conductivity is
mduced either by electron thermal activation hopping be-
tween localized sites (T < T') or by electrons percolating
through the network of accessible sites (T > 7). where
T is a critical temperature at which electrons experience a
phase transition from hopping to percolation conduction
states.> As temperature increases 0 an upper hmit value,
PPC thermally quenches wnstantancously. Therctore, there
exIsts an upper emperature imit 7, and a lower tempet -

sang 3rown, nd win 2
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ature limit T, for the observation of PPC in T1-VI mixed
crystals. The PPC temperature range as well as T¢ are
uniquely determined by the degree of the sample composi-
tional fluctuations. Experimentally, T'c, Ty, and T, found
for Zng3Cdg7Se are about 120, 300, and 70 K, respectively.
For the higher quality CdSysSeos sample, T'c and Ty, are
about 15 and 150 K, respectively, and PPC is observable
down to 8 K. T, for CdSysSey s has not yet been deter-
mined because our current low-temperature system can
achieve a lowest temperature of about 8.5 K. For
Al 3Gag7As, there is no lower temperature limit for PPC.
Even at temperature T= 0, photogenerated electrons still
have velocities varying from 0 to Fermi velocity(vg)due to
the Fermi distribution of electrons in the conduction band.
Thus PPC is observed in the entire temperature region of
T< 150 K. An important fact we would like to indicate
here is that from the RLPF model, in II-VI semiconductor
alloys; the temperature region for PPC and E,. can be
controlled by varying the degree of fluctuation in the sam-
ple, and so one may obtain strong PPC eflect at room
temperatures. In contrast, the upper limit temperature for
PPC in Al Ga, .. ,As depends on the electron capture bar-
rier, which is predetermined by the atomic configuration of
the DX center, and cannot be changed easily. This is why
no PPC can be observed at "> 150 K in Al,Ga,.. ,As, so
practical applications based on the PPC phenomenon in
Al Ga;_ ,As may be limited.

An unique property for PPC in II-VI semiconductor
alloys is expected—infrared PPC quenching. As indicated
in Fig. 3, once charge carriers are stored in potential min-
ima, by illumination with infrared photons whose energy is
on the order of E,., electrons can be transferred to the
maximum of the potential height to radiatively recombine
with holes, which will result in a quenching of PPC and a
stimuistion of luminescent emission of photons with en-
ergy cn the order of £,. Experimentally, we indeed observe
in Zng3Cdg e that PPC generated by visible illurrination
can be uptically quenched by infrared radiation. Figure 4
shows experimentally obtained kinetics of the PPC infra-
red quenching at room temperature. We see that the
quenching is cvident. Limited by the time response of the
detection instrument (digital electrometer), the quenching
time shown here is instantaneous. The amplitude of PPC
quenching depends on the intensity of the infrared radia-
tion. Experimental observation of frared quenching of
PPC further supports our RLPF model for PPC in [I-VI
semiconductor alloys. [t is well known from earlier work
that PPC induced in Aly3GagqAs cannot be optically
quenched, ! which has also been further experimentally
proved recently.'

The infrared PPC quenching property makes [I-V]
mixed crystals a novel room-temperature infrared detector
with a number of advantages, including (a) high speed:
infrared quenching is a very fast process hecause infrared

Vi

.~ 200 Y 13 T T

Zno.aCdg.7Se
1.6t T=203 K

PPC (Normal ized)
o -l
» o

[
»

o 1. 1 1 | -
0 200 400 600 8OO 1000
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FIG. 4, Experimentally observed kinetics of infrared quenching of PPC in
8 Zng4CdysSc mixed crystal at room temperature. This is obtained by
building-up PPC with visibie (room) light to a saturation level, and then
at fy exciting the crystal with a broad band infrared source (5-18 um)
while maintaining visible illumination during the course of measurement.

materials occur on a sub-nanosecond scale, (b) wider spec-
tral response region: since E can be varied, detectors
with different spectral response regions, from a few um to
about 30 um, can be fabricated from II-VI mixed crystals
for different application purposes. A room temperature,
long wavelength infrared detector is very important in
many cases, (c) Jow cost: the fabrication method of this
type of infrared detector is simple and so the cost will be
low. Detailed parameters, such as operating spectral re-
gion, temperature, and speed of the infrared detector will
be investigated further.

This work was supported in part by a U.S. Air Force
Office of Scientific Research (AFOSR) contract,
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Charge Storage and Persistent Photoconductivity
in a CdSy sSeq s Semiconductor Alloy

A.S. Dissanayake, S.X. Huang®, and H.X. Jiang*
Department of Physics, Kansas State University, Manhattan, KS 66506-2601

and
J.Y. Lin
Department of Physics, University of Northern Iowa, Cedar Falls, IA 50614

ABSTRACT

Relaxation of stored charge carriers ih persistent photoconductivity (PPC)
mode in a CdSp sSe; s semiconductor alloy has been investigated, The relaxation
time constant of PPC is systematically measured as a function of temperature, and
from which the recombination barrier height, E,., has been determined. Low
temperature exciton luminescence has also been investigated and the exciton
transition linewidth which is broadened due to the presence of compositional
fluctuations is measured. The values of E,. deduced from the measured exciton
linewidth and the localized-to-delocalized transition temperature in PPC mode are
consistent with the results obtained from the PPC decay measurements, These
experimental results further support our recent interpretation that PPC in II-VI
semiconductor alloys is caused by random local potential fluctuations (RLPF)

induced by compositional fluctuations.

PACS numbers: 72.20.Jv, 72.60.+g, 72.80.Ey
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I. INTRODUCTION

Persistent Photoconducltivity (PPC), photo induced conductivity tliat persists
for a very long period of time after the termination of the photoexcitation has
been studied for more than two decades. It is one of the most interest:iig yet
not well understood phenomena in semiconductors. PPC has been observed at low
temperatures in bulk semiconductors and in various other configurations.!™
Recently, relaxation time constant as long as 10'® seconds at 10 K has been
observed in Al, ,Ga, ;As.> 1In contrast, decay time constant on the order of 103
seconds has been found in II-VI semiconductor alloys. Nevertheless, PPC exists
up to room temperatures and can be optical]:y quenched by infrared radiation in
II-VI semiconductor alloys, which makes them very important materials for device
applications, such as novel infrared detectors.S:’

Several mechanisms have been proposed to explain the origin of PPC. PPC
could be caused by interface barrier in heterojunction materials.®® In Al,Ga,.,As
semiconductors, the DX center is believed to be the origin of PPC.!%:1! 1In this
model description, PPC is resulted because recapture of electrons by the DX
centers is prevented by a thermal barrier at low temperatures. The nature of the
DX center is under intensive inves-igation,!2"15 with key question focusing on
whether it is a deep center with large lattice relaxation (LLR)!“'18 or simply an
effective-mass state impurity of L-conduction band with small lattice relaxation
(SLR) .15.17-19

Recently, we have observed that the stored charge carriers in PPC mode in
a Zny 3Cdy ;Se semiconductor alloy experience a phase transition from a hopping
conduction to a percolation transport state at the critical temperature T¢.20"%2
There are three experimental evidences for this transition: (a) PPC build up

level as a function of temperature,?! (b) PPC decay time constant and decay
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exponent as functions of temperature,?! and (c) PPC noise level as a function of
temperature,?® all depict a transition of percolation type near T,. Furthermore,
we have shown that T, is direct.s correlated to the degree of the compositional
fluctuations in II-VI semiconductor alloys. From these experimental results, we
proposed that random local potential fluctuations (RLPF) induced by compositional
fluctuations are responsible for PPC in II-VI semiconductor alloys. In fact, it
has been proposed previously that inhomogeneity in impurity doped and compensated
semiconductors caused by impurity doping is the most likely reason for PPC.! In
II-VI semiconductor alloys, compositional fluctuations produce concomitant
fluctuations in the energy gap. Thus the compositional fluctuations are the
cause of the inhomogeneity and impurities may not play an important role. The
relaxation of stored charge carriers in PPC mode in II-VI semiconductor alloys
was found to follow the stretched-exponential function.20"22 At low temperatures,
PPC is induced by electron hopping between localized states; as temperature
increases to abeve Ty, localized electrons become delocalized and the charge
transport occurs via the electrons percolating through the conduction network,
while holes remain localized. In these regions, the decay of PPC is caused by
wavefunction overlap between electrons and holes in real space. Electrons are
localized in the sites or percolating through the network of the potential minima
and are spatially separated from the localized holes because the potential minima
for electrons are the potential maxima for holes., This leads photo-excited
charge carriers to have long lifetimes as well as the effect of PPC. Further
increase in temperature would give electrons sufficient thermal energy to
transfer to the maximum of barrier height, E,,., to recombine with holes soon
after photoexcitation and cause a thermally activated PPC decay behavior.

In this paper, we study the PPC decay process in a CdS; sSey; 5 semiconductor




alloy. The decay time constants are measured systematically in entire PPC
temperature region, and from which we obtained the recombination barrier height,
Erec) Which represents the average energy difference between the potential minima
and maxima of the fluctuating potentials in the conduction bund. Low temperature
exciton luminescence is also investigated for CdS; sSe; s. The exciton transition
linewidth predominantly caused by compositional fluctuations in the sample is
measured and from which we deduced the energy fluctuation parameter for electrons
of excitons. The result is compared with that obtained from PPC data. Our
experimental results further support our recent interpretation that PPC in II-VI

semiconductor alloys is caused by RLPF induced by compositional fluctuations.

ITI. EXPERIMENTAL

The samples used for this study was a CdS; sSey; s semiconductor alloy
supplied by Cleveland Crystals, Inc. of size about 5 x 10 x 1 mm® with dark room
temperature resistivity of about 10° Q.cm. Gold leads were attached to the
sample using indium solder and the junctions of 1 mm in diameter about 5 mm apart
on the sample surface are carefully tested for ohmic contacts., The c-axis is
perpendicular to the sample surface. The sample was attached to a copper sample
holder, which is inside a closed-cycle He refrigerator, with care taken to ensure
good thermal contact yet electrical isolation. A mercury lamp was used along
with appropriate filters, so two lines at 435.8 and 546.1 nm dominated the output
of the excitation source. The data obtained at different conditions were taken
in such a way that the system was always allowed to warm up to 300 K and relaxed
to equilibrium after each measurement, then cool down in darkness to the desired
temperature of measurements. This is to ensure that each set of data has the

same initial condition. Measurements of PPC build up and decay at different




photon dose conditions are taken by illuminating the sample for different time
intervals while keeping the rame intensity at different temperatures. The PPC
build up levels depend on excitation photon dose. The typical excitation photon
flux used for the measurements is on the order of 102 photons/cm?es. The
current is measured by a Keithley digital electrometer (model 617), which is
interfaced with a computer. A 1.5-V bias is supplied by a battery.
Photoluminescence data were collected in a reflecting mode. Excitation
pulses of about 7 ps in duration at a repetition rate of 1 Mhz were provided by
a cavity-dumped ultrafast dye laser (Coherent 702-2CD) which was purped by a YAG
laser (Quantronix 416) with a frequency doubler. The lasing photon energy was
2.125 eV with a spectral width of about 2 meV corresponding to a band to band
excitation. The average power density is about 100 mW/cm?. The detection system
consists of a time-correlated single-photon counting system and a double

monochromator with a spectral resolution of 1 meV.

II1. RESULTS AND DISCUSSIONS

PPC decay curves for CdS; sSe; s at two representative temperatures, T=8.6
K and T=40 K, are shown in Fig. 1. PPC are normalized to unity at t=0, the
moment of excitation light being terminated. The dark current has been
subtracted. These two curves show that PPC decays faster at T«40 K than at T=8.6
K. At T=8.6 K, PPC level is about 6% of its initial level after 1000 seconds
decay. Just as in Zny ;Cdy ;Se, the decay of PPC in CdSy sSep s can be appronimated
by a stretched-exponential function, a behavior frequently observed in disordered

systems,

Ippc(t) = Ippc(o)exp['(t/f)ﬂl’ (1)




where r is the decay time constant and p is the decay exponent. This has been
demonstrated by the plot of ln[lnI,,.(0)-1nI,,(t)] as a function of 1In(t) for PPC
decay curves obtained at these two temperatures. An approximated linear behavior
can be observed in Fig. 2. From these curves we can obtain r and 8. The
stretched-exponential decay approximation shown in Fig. 2 for PPC relaxation in
CdSy sSeq.s 1s not as good as in Zng 3Cdy ;Se.?! This is believed due to the fact
that the degree of the fluctuations in CdS; ;Sey s is not as large as that in
Zng 3Cdy ,Se, which is consistent with the experimental observation that the
transition temperatures Tc is 120 K for Zn, ;Cd, ;Se and 15 K for CdS; sSeq 5.2 In
any case, such an approximation enables us to measure the effective relaxation
time constant r systematically as a function of temperature, which can provide
important information.

Figure 3 is the plot of the decay-time constant 7 as a function of
temperature for CdS; sSep s. We can see that PPC decays slower near 15 K than at
temperatures lower than 15 K, which is very similar to the behavior exhibited by
Zny 3Cdy ;Se. The Arrhenius plot, lnr vs 1/T in Fig. 4 shows two distinctive
temperature regions. At high temperatures (T > 20 K), PPC decay is caused by
electrons thermally activated into the potential maximum regions to recombine
with holes; therefore, 7 is thermally activated and a linear behavior in this
temperature region (T > 20 K) is evident. At low temperatures, 7 is weakly
dependent on temperature, and PPC decay is caused by wavefunction overlap between
electrons and holes in real space. The observed larger values of 7 near 15 K
than at T < 15 K can be accounted for by that PPC decays slower at the
percolation state than in hopping conduction state due to the electron
redistribution effect as discussed previously.?!

Dependence of the PPC relaxation behavior on excitation photon dose is also




investigated for CdS, sSey s. Fig. 5 shows the decay curves obtained at 8.4 K
after excitation with three different light illumination times. Similar to the
behavior exhibited by Zng 3Cd, ;Se, at a constant temperature and prior to the PPC
saturation, the relaxation of PPC proceeds faster with decrease of excitation
photon dose as depic.ted in Fig. 5. This behavior can also be explained
qualitatively in terms of our model description. As the electron quasi-Fermi
level (or carrier concentration) increases, the charge transport is affected more
pronounced by means of percolation. Since PPC decays slower in percolation state
than in hopping transport state due to the electron redistribution effect
discussed previously,?’ r increases with increase of the quasi-Fermi level or
excitation photon dose. At very low excitation photon dose region, a different
behavior is observed. Further experimental and theoretical investigations are
required to explain the temperature and excitation photon dose dependent PPC
relaxation behavior in percolation and hopping transport regimes quantitatively.

At thermally activated region, the decay time constant 7, can be expressed
as

7 =79eXP(E,o./KT), (2)

where E_,. is the recombination barrier height, k is the Boltzmann constant. the
potential barrier, E,,., obtained from the high temperature region shown in Fig.
4 is 6.6 meV. This value indicates a small degree of potential fluctuations of
the CdS, ;5e¢5.5 sample. We believe that this is the first experimental
observation of such a small recombination barrier that leads to the PPC effect.

The amplitude of the fluctuating potentials in the conduction band, or
equivalently, the recombination barrier height in different samples E,, 1is

uniquely determined by the compositional fluctuations in the samples. On the




other hand, the transition temperature T; observed in PPC mode for different
samples is also correlated to the compositional fluctuations in the sample,
Therefore, we can deduce the value of E,. from the measured value of T;. Since
the growth of the samples is a random process, the composition should be
fluctuated around the mean composition value x5. The probability of lattice
sites with composition x thus follows a Gaussian distribution and can be written

as

P(x)=Paexp[ - (x-%q)%/20,2], (3)

where P, is determined by normalization condition [P(x)dx=l1 and o, is the
compositional fluctuation parameter. In general, the energy gap of II-VI

semiconductor alloys A,B;.,C, E,(x), depends linearly on the composition,?

Eg (x)=Eg (x=0)+ax. 4

From these considerations, we have established the correlation between T; and
ox.?2  For CdS,Se;.,, E;(x~0)=1.84 eV and E,(x~1)=2.58 eV,%* and so we have a=740
meV. The average recombination barrier height, E.., for different samples can

be obtained from the following approximation,

<Erec>"E5(xo+~/éax)'Eg(Xo-ﬁax)széaax. (%)

For CdS, sSeq s, the observed T, is 15 K,?° and from which we deduced a value of
o, of about 0.0035. Based on these values, we calculate E,. from Eq. (5) to be

7.3 meV, which is in reasonable agreement with the result obtained from the plot




of In r vs 1/T shown in Fig. 4. In fact, the recombination barrier height, E,,,
also depends on the stored charge carrier concentration because it is measured
from the quasi-Fermi levels. These results further support our interpretation
that PPC in II-VI semiconductor alloys is caused by conduction of charge carriers
stored in random-local potential wells induced by compositional fluctuations.
It is also well known that the properties of photo-generated electron-hole
pairs (or excitons) is strongly influenced by compositional fluctuations.? 1In
semiconductor alloys, excitons exhibit an important feature, i.e. the exciton
localization in the random potential wells induced by compositional fluctuations.
Recently, by studying the time resolved photoluminescence of exciton transition
in CdSe, sS¢.5,2% we found the Mott-Anderson type of localization just below the
mobility edge for excitons from their lifetime measurements, which is consistent
with the characteristics exhibited in PPC mode. Fig. 6 shows the low temperature
(8.4 K) photoluminescence of localized exciton transition line in CdSj sSeq s.
Two peaks at 2.075 eV and 2.041 eV are ascribed, respectively, to the radiative
recombination of localized exciton and its one-phonon replica. The measured full
width at half maximum (FWHM) of the localized exciton line is about 11.3 meV
compared with abeut 0.2 meV in good crystal of CdS or CdSe. The linewidth
broadening is predominantly caused by compositional fluctuations. Because the
linewidth of the exciton transition is caused by energy fluctuations in both the
conduction and the valence bands, we can assume that the energy fluctuations for
the electrons of the excitons in the conduction band is about half of that 11.3
meV. Therefore, the exciton transition linewidth measurement gives a value for
energy fluctuations in the conduction band to be 5.7 meV, which is smaller than
the value of E,,. obtained from the PPC measurements. This is what we expected.

For localized excitons, their electrons cannot distribute in those sites with




energies as high as the potential maximum (see Fig. 1 of Ref. 22). Thus half of
the FWHM of the localized exciton transition line should be smaller than E.,.
These results further explore the alloy disorder effect and again support our
interpretation for PPC in II-VI semiconductor alloys.

The behavior of decay time constant as a function of temperature shown in
Fig. 4 seems similar to that of a same plot for Al, ;Ga, ;As.® However, we believe
that different PPC mechanism are involved in II-VI and III-V semiconductor
alloys. For Al,Ga;.,As, the capture barrier obtained frcm the Arrhenius plots has
a smallest value on the order of 200 meV at x=0.3.?” Furthermore, the PPC decay
behavior at low temperatures in Al,Ga,.,As can be accounted for by the multiphonon
tunneling model for DX centers of lattice relaxation,> although it did not
exclude the possibility of that the decay is due to the wavefunction overlap
between the conduction electrons with the DX centers in k-space.?® 1In contrary,
the recombination barrier height E,,. obtained from Fig. 4 is only 6.6 meV, which
implies that the PPC in CdSy sSe; s is not likely caused by defect centers such
as DXs. Thus we believe that the weakly temperature dependent behavior of r at
low temperature region for CdS, sSey s is caused by wavefunction overlap between

randomly distributed electrons and holes in real space.

IV. CONCLUSIONS

Charge storage and PPC phenomena in a CdS;, sSeq s semiconductor alloy have
been studied. The observed behavior of the PPC decay time constant as a function
of temperature shows that the decay of the stored charge carriers is dominated
by thermal activation at temperatures T > 20 K for CdS; sSey s; the decay at low
temperatures is caused by wavefunction overlap between the randomly distributed

stored electrons and holes in real space. The recombination barrier height

10




obtained from the PPC decay time measurements 1s consistent with the results
obtained from the PPC transition temperature and the exciton transition linewidth
measurements. These experimental results further support our recent model that
the random local potential fluctuations (RLPF) induced by the compositional

fluctuations are responsible for PPC in II-VI semiconductor alloys.
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Figure Captions:

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 6.

Normalized PPC decay curve of CdS, sSep s at two representative
temperatures, T=8.6 K and T=40 K, after 500 seconds of light
illumination. The dark current has been subtracted out. The excitation

light intensity used is on the order of 10!? photons/cm?-s,

Plot of In[lnX,,(0)-1InI .(t)] as a function of 1In(t) for two selective
temperatures, T=8.6 K and T=40 K. Approximated linear behavior
indicates that the PPC decays according to the stretched-exponential

function, Ippc(t)=Ippc(0)exp(-(t/7)?].

Plot of the PPC decay-time constant r as a function of temperature for

CdSy sSep 5. Experimental conditions are the same as those in Fig.l.

Semi-logarithmic plot of decay-time constant as a function of 1/T for

CdSo‘sseo_s .

Ippc (normalized) vs decay time t for different illumination times.

The low temperature (T=8.4 K) exciton photoluminescence of a CdS, sSe; s
semiconductor alloy. The excitation energy was 2.125 eV with an average

power density of about 100 mW/cm.?

14




w\x&%\

000L 008 009

M Gp=1 O
Mg g=l
S'02g8°05p)

S o
(poz 1. DWION) 9dd |

-]

-



(3)ul

L 3 qQ 4
M Gb=l O

- M 9°g=] y
S'0855°0gp)

: - -

Y) Ul Juy

vy
—

[(Cy)eed1/(0




(M) 1 _
06 0¥ O0f 0Z 0oL O ,
I 1 1 1 O
- ) S'05g5°0gpn 1 0§ |
. ) @
#
" [~ * B OOP ﬁ
L |
o
- i 0G1 w
A
** 7
- * 41 00¢ A
* %
1 1 i 1 omN k




e
.VV\ ...\( \l\w\

() L/1
GlL°0 OL°0 SO°0
RICEIS NI

0" ¢

G ¢

SV

0°G

G°6

L u]




(08s) awl}

000L 008 009 00¥ 00¢ 0
T ¢ 2 ¢ 9
SR B
= + g
- =+, -
+
* o
N 01
+
. S Q00L © ]
S 00¢ + m
S 006 1
! M ¥ 8=1 g
$ 0235 05pD

¢ 0

v 0

80

8 0

(pez!jpwiou) 9dd |




(A9) ADusu3

OL°'2 80°¢ 902 v9'2 <2CO'¢
e T ¥ _ e ** O
L ..C.
°
g °
- * 1 60 2
o o
-3
° <25
¥ =
: 101 5
o
nll.
=.
- Mpyog=1 | S+ @
S0855 05py

0°'¢




10:24

EIS 1 . FRANCIS P, XAVIER S.J.,
and G. J. GOLDSMITH, Boston College --- Metal-free
phthalocyanine (H2Pc) and Copper Phthalocyanine
(CuPc) single crystals were grown by vacuum
sublimation, The wavelength dependency and the
temperature  dependency of photocurrent (Iph) of
these single crystals were investigated. The spectra of
Iph vs A revea] maxima at 1,14, 1.56, and 2.46 eV for
HoPc and at 1.14, 1.77, 2,04, and 3.31 eV for CuPc. The
absorption spectra of H2Pc and of CuPc in H2804
solution corr spond to the respective Iph spectra.  The
temperature  dependency of Ipp and that of dark
current (Ig) are of the form I = I,Exp(-EykT} + C. The
thermal activation energy of the Iph for HoPc at all
three maxima is 0.3 ¢V, while for the Ig it is 0.5 ¢V.
These observations are interpreted to indicate the
existence of three valence bands from which electrons
are cxcited to a single trap level lying 0.3 ¢V below &
conduction band. Conduction, then, is by free holes. The
I4 activation indicates the presence of a fourth valence
band lying 0.2 ¢V below the trap level.

SESSION E16: DEFECTS IN I1I-1IV COMPOUNDS
Tuesday morning, 19 March 1991

Room 230 at 8:00

G. Neumark, presiding

8:00

El6 1 a t oconduccivity (PRC)

c e
in Al.Ga),As.* J.Y.Lin, The Upiv, of Northern Jowa; A.
Dissanayake, G. Brown, and H.X.Jiang,
Univ,— Relaxation of persistent photoconductivity (PPC)
{n Alg 3G1,,,As has been investigated.! The relaxation
time constant, r, as a function of the conduction
* electron concentration, n,, is examined at T = 10 K. At
a fixed temperature, two distinctive regions correspond-
ing to degenerated and nondegenerated regimes have been
observed for the first t'me. In the nondegenerated
regime, r decreases with an increase of n, and the
relaxation of PPC is predominantly caused by activation
capture of electrons at DX centers. In the degenerated
regime, r increases with an Increase of n, and the
relaxation of PPC is predominantly caused by tunneling
capture via multiphonon emission. Excitation photon dose
required for the transition from nondegenerated to
degenerated regime to occur increases with an increase of
temperature. Behavior of PPC observed in Al,Ga,,As 1is
compared to that in I1-VI semiconductor alloys.'!?!
+.  Supported by a AFOSR research grant.
{l}. J. Y. Lin, A, Dissanayake, G, Brown, and H. X,
Jiang, Phys. Rev. B42, 5855 (1990).
{2j. 4 X. Jiang and J. Y. Lin, Phys, Rev. Lett. 64,
2547 (1990).

12
t1i, Magaclo-optical propertics of the ‘DX ceater in
t\.l,(_,_u.(l_ﬂq_‘ﬂAs_;_T_c_L R. E. PEALE, H, -J. SUN: and G. D.
WATKINS, Lelgh_University,* and Y. MOCHIZUKI, NEC Corp.--
Magacio-opuical absorplion spectra of 0.4 mm thick, single-crystal
Aly 15Gay (As:Te give evidence for two bleachable absorbers, one of
which is identified as the DX center. The bleached-state absorption
cocllicient and magnelic circular dichroism (MCD), mcasured from 0.66
0 2.2 um at 1.7 K, are adequately described by the Drude free-electron
model, m lerms of which a value for the electron effective mass is
Oblsined.  Coohing the sample in darkness leads to transmission
transients, from which ground-state absorption coefficients and opticat-
conversion cross sections for the bleachable absorbers are derived. The
Conversion threshold is 0.6 ¢V for the DX and 1.5 eV for the second
bleacher, and the recovery barrier is significantly different for the two.
The MCD at the beginning of each transient is identified with the ground
Slale of each ahsorber, and temperature dependence reveals that the bulk

Vol. 36, No. 3 (1991)
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of the initial MCD has a non-paramagnetic origin. We conclude that the
paramagnelic MCD from the DX ground state is very small, being less
than 0.004% of its absorption coefficient,

*Supported by National Science Foundation Grant No, DMR-89-02572

8:24
El163 . !

Uniaxial Stress Dependence of the Properties of the DX Center in Si-
EFM_AWL Zhiguo Wang, K, Chung, T. Miller, F.
Williamson, M. 1. Nathan, University of Minnesota.---We have used

DLTS measurements as a function of externally applied uniaxial stress
to study the properties of the DX center in Alg32Ga0.63As. No
splitting of the peaks from the DX ceuter has been observed ug_ﬁo
15kbar for uniaxial stresses along <100> and <111> directions. The
emission energy, Be, decreases monotonically with stress along both
directions. The capture energy, B, increases with stress along these
two directions after the crossover between the I and X bands for
<100> stress or the T and L bands for <111> stress. The rates of
change of Be and E¢ with stress along <100> and <111> directions are
about same. The thermal activation energy, E,, with stress has been
given by Eg=(BE¢-Ec)/2.12 Reasonable agreement between the
exgcrimcntal results and the negative-U model 1.2is found.

*Su

1.K

pported by NSF grant NSF/ECS-8803928
K. Khachaturyan, E.R, Weber and M, Kaminska, Materials Science
Forum Vols, 38-41 (1989)pp.1067-1072
2.D.J. Chadi, K.J. Chang, Phys. Rev. Lett, 61, 873 (1988)

8:36
El64 Uniaxisl Stress Dependence of DLIS
gpectra of DX Centers in GaAlAs:Te M.P. Li
and P.Y. ‘YU, U,C., Berkeley; E. Bauser, MPI
stuttgart; W.L. Hansen and E. BE. Haller,LBL,
Perkeley -~ The effects of uniaxial stress on
DX centers in GaAlAs:Te have been studied in
DLTS by applying stress along the [100], [110]
and [111] directions. ©No splitting nor
broadening of the DLTS8 pe.ks was observed for
stress up to 10 kbars. Howsver the peaks were
observed to shift very nonlinearly with
stress. The stress dependence being differnt
for the three stress directions. Furthermore,
the intensity of the peaks decreased with
stress very strongly only for stress along the
[100] direction. The results will be compared
with predictions of both large relaxation and
sm4ll relaxation models of the DX center,

8:48

E165 cal Vibray D 15 in
Si-Doped GaAs Under Hydrostatic Pressure*, J. A. Wolk and E. E
Haller, i .

M. B. Kruger, R. Jeanloz, and J. N. Heyman, Univ. of Calif, at
Berkeley, W.W. Walukiewicz, .- We
report the observation of a new local vibrational mode (LVM) in
hydrostatically stressed, Si-doped GaAs. The corresponding infrared
peak is distinct from the Sigg shallow donor LVM peak, which is the
only other LVM peak observed in our samples, and is assigned to the
Si DX center. The shift of LVM frequency with pressure has been
measured for both the Sig, shallow donor and the S1 DX center. These
shifts are linear over the pressure range 0-40 kbar and are given by

dvgig,/dp = 0.66£0.03 cm-l/kbar and dvg,py/dp = 0.61£0.04

cm-!/kbar. The relative intensities of the Si DX LVM and the Siga
shallow donor LVM and photoquenching behavior of the sample are
consistent with the appearance of a defect which binds two electrons as
it undergoes a lattice relaxation at approximately 23 kbar. This is the
first experiment in which Fourier transform LVM spectroscopy of
scmiconductors has been performed using samples mounted in a
diamond anvil cell.

* Work supported by US DOE under Contract DE-AC03-76SF00098,

900 _

El66 Qbservation of a Tetrahedral, Spin=5/2 Defect in
[nP:Sn by ODMR_and ODENDOR, H.-J. SUN, R. E. PEALE,
and G. D. WATKINS, Lehigh University*--An optically-detected
magnctic resonance (ODMR) peak is found in as-grown Sn-doped InP
while monitoring the magnetic circular dichroism at 1.38 eV. The
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parameters. The energy gap varies linearly with
composition x in the range studied. The temperature
variation of the energy gap can well fitted by the
empirical  Varshni  relation. The determined
non-linear components of this dependence do not
vary significantly with composition. At low
temperatures, the broadening is primarily produced
by random distribution of Fe and Cd atoms. For
>100K, the broadening parameter increases with
temperature due to the scattering of excitons by
phonons.

Ly p. Varshni, Physica 34, 149 (1967).

9.12
El5 7 Relaxation of Stored Char -
Semiconductor Alloys,* A Dissanayake, G. Brown, J. Y.

Lin* and H X.Jiang, Kansas 2 v.— Relaxation of
stored charge carriers in persistent photoconductivity
(PPC) mode 1n CdSe, Sy 5 and Zny 3Cdy ;Se I1-VI semiconduc-
tor alloys sie investigated The kinetics of PPC build
up behavior at differen. conditions are studied. The
decay of PPC follows the stretched-exponential function
The experimental results further support our recent
interpretation that PPC in I1-VI semiconductor alloys is
caused by random local potentjal fluctuations (RLPF)
induced by compositional fluctuations.!}! Recombination
barrier heights between the potential minima (locatlons
of stored electrons) anc maxima (locations of stored
holes) of the random fluctuating potentials have been
determined for CdSy sSeq s and Zng 3Cdy ,Se. Low tempera-
ture exciton transition linewidth which is predominantly
caused by compositional fluctuations has been measured
and the results are compared with the PPC data.
+. Supported by a AFOSR research grant,
*, Present address: Dept. of Physics, The Univ. of
Northern lowa, Cedar Falls, Iowa 50614.
1] H X. JiangandJ Y. Lin Phys. Rev. Lett. 64, 2547
(1990).

9:24
Ei58 Dynamlcs of Exciton Localizacion In a CdSep s§a s
Semiconductor Alloy. H.X. Jiang, L.Q. Zu and J.Y.Lin,"
Kansas State Univ,—Dynamic processes of exciton local-
ization in a CdSey 4Sq.s semiconductor alloy have been
studied by time-resolved photoluminescence ! We found
experimentally that the exciton transfer rate depicts a
power-law behavior near the mobility edge E,. This is
caused by the fact that near E,, the exciton localization
length £ diverxges according to the power law £(E)~
|Eg-E|™ (£<E;) with s being the critical index and that
the exciton transfer rate i{s proportional to the number
of available low-energy sites within its localizatién
volume, or €3(F). Such a behavior is analogous to the
calculated behavior of the carriers in the Anderson
localization model with s being 2/3.f2) Experimentally
measured value of s is about 0.7, which demonstrated that
the Anderson model for charge carriers can well describe
the system of localized excitons in semiconductor alloys.
*  Present address. Dept. of Physics, The Univ. of
Northern Iowa, Cedar Falls, lowa 50614
(1) H X Jiang, L Q 2u and J.Y. Lin, Phys. Rev B4Z,
7284, (1990).
[2]) P. W. Anderson, Proc. Nat. Acad. Sci. USA 69, 1097
(1972).

936
El59 Raman Study of the diluted magnetic semiconductors

Zn;_,Co,Se and Zn,_,Fe,Se . C. L. Mak, and R. Sooryakumar,
The Ohio State University, Columbus, OH . B. T. Jonker, and

G. A. Prinz, Naval Reasearch La,borntory, Wauhmgton, D.C.——
We report on a Raman study of the diluted magnetic semi-
conductors Zn;_,Co.Se¢ and Zn,_.Fe,Se. The concentration x
varies between 0.76 and 9.4% for Co and between 2.7 and 22%
for the Fe dopants. The single crystalline films were grown by
MBE to thickness of about 1 ym with the Co and Fe being incor-
porated in a random, substitutional manner. Both alloys possess
a homogeneous crystal phase having the zinc-blende structure.

Vol. 36, No. 3 (1991)

‘The observed dependence of the first order phonon spectrum on
x follows the 'one-mode’ behavior and cen be described by the
modified random element isodisplacement model (MREI). Low-
frequency disorder-induced one-phonon density-of-state features
are also evident in the Raman specira and will be discussed.
Work at Ohio State University is supported by the NSF Under
grant DMR-90 01647 and at NRL by the Office of Naval Re-
search.
9:48
EIS 10 Multi-Mode Behavior in Cdy -, Zn,Mn, Te: A Ramen
Scattering Study.® Eunsoon Oh, R. G. Alonso, I. Miotkowski,
Ramdas, Purdue U —We report Raman scattering from op-
tical phonons in the ternary Cd,_,Zn,Te and in the quaternary
Cdy-x—yZn,Mn,Te grown by the Bridgman method The variation
of the frequency of the zone-center optical phonons as a function of
composition (x)} in Cdy_,Zn, Te shows a "two mode” behavior. We
observe three distinct LO phonons in Cdy_x_, Zn,Mn,Te due to the
additional impurity mode associated with manganete, The exten-
sion of the modified random-element isodisplacement model to qua-
ternary compounds explains the frequency of the optical phonons
as a function of x and y. We also report the Raman electron para-
magnetic resonance of Ma** and the pronounced magnetic field
dependence of photoluminescenence in these quaternary diluted
magnetic semiconductors.

*Supported by NSF (DMR-89-13706)

10:00
Eis11 ANew Type of Spectroscopy for Impurity or Defect

n-HgCdTe. D. G. SEILER, J. R. LOWNEY, Natlonal Institute

, C. L, LITTLER, I. T. YOON,
M. R. LOLOEE, . ==+ We report on
a new type of spectroscopy for/ impurity or defect levels
in the energy gap of narrow gap semiconductors based on
near band-gap photon energles and high-magnetic fiélds.
This spectroscopy is done under the conditions of intense
laser photoexcitation and {s associated with the relaxation
processes of hot electrons by impact ionization of valence
electrons into impurity or defect levels., Hot electrons
were photoexcited into the conduction band by sequential
absorption of intense CO, laser radiation. We observe
wavelength-independent structure in the magnetic-field
dependence of the photoconductive response in samples of
Hg,.,Cd,Te with x=0.22 and 0.24. This structure arises from
resonances that occur when the energy difference between
Landau levels populated with hot electrons equals the ener-
gy raquired to impact ionize valence electrons into impu-
rity/defect levels in the gap. For the sample with x~0.22
and an energy gap of 95 meV, three levels are found at 15,
45, and 59 meV above the valence band. A level at 61 meV
is found for the sample with x=0,24 and a gap of 122 meV.

1012

Resonance Raman Study of Single Crystal PdO, J. R.
McBRIDE and W. H. WEBER, Ford Motor Company, -- Vapor
transport techniques were used to grow mm-size smgle crystals of
PdO. The allowed Raman modes, B,y at 650 cm’ !and E, at 445
cm’}, were identified from polarization studies on oriented crystals
The excitation spectra of both modes exhibit a strong resonance
near 2,5 eV. This resonance appears to be associated with an
O(2p) - Pd(4d) chargc transfer excitation,! which also produces a
peak at ~ 2.5 ¢V in the Im(e) spectrum.2 In addition to the
allowed modes, numerous 1st-order-forbidden Raman lines also
appear in the spectra. These features cannot be due to impurities,
since spectra from oxidized Pd foils and sputtered films are
.irtually identical to those from the single crystals. Films of Pd? 80
were grown 1c help identify some of the second order features,
Tentative assignments for these features and correlations of the
resonance data with preliminary band structure calculations will
also be discussed.

1 M., P. Dare-Edwards, J. B. Goodenough, A, Hamnett, and A.
Katty, Mat. Res. Bull. 19, 435 (1984).
P. O. Nilssor: and M. S. Shivaraman, J. Phys. C 12, 1423 (1979).
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