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Role of deep-level trapping on the surface photovoltage of semi-insulating GaAs
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Dual-beam(bias and probetransient surface photovoltag€PV) measurements were made on undoped
semi-insulating GaAs over an extended temperature range. Above 270 K, SPV recovery transients following a
bias pulse were shown to reflect near-surface conductivity changes; these are in turn controlled by surface-
interface-state thermal emission. Owing to the absence of a strong surface electric field in this material, the
emitted carriers are not immediately removed from the near-surface region. The recapturing of the emitted
carriers is shown to be responsible for nonexponential conductivity and reciprocal-SPV transients. This be-
havior is considered to be characteristic of relaxation-type semiconductors with near-surface ungated struc-
tures. Below 150 K, the photoinduced transition of EL2 from its ground to metastable statewgls2shown
to change the effective electron and hole mobilities and augment the SPV signals immediately following the
bias pulse. Thermally induced Et.2ecovery above 120 K decreases the SPV signal from its maximum. This
decay transient was analyzed and the decay rate fitted to a single exponential. An activation energy of 0.32 eV
and a preexponential constant of £.90'? s~! were obtained, and attributed to the thermal recovery rate for
EL2*. [S0163-182897)00416-5

[. INTRODUCTION ation. The extrinsic Debye length describes the spatial distri-
bution of nonuniform charge density, which is very short in
Surface photovoltagéSPV) is a well-established nonde- the case of lifetime semiconductors. In these materials, deep-
structive technique suitable for determining bulk minority- level trapping often plays a less important role in the carrier
carrier diffusion lengths> and for surface-state transport. This is the common case, describing, for example,
characterizatior* The SPV signal is generally considered to doped GaAg74~10"° s for GaAs:Si with[Si]=10" cm™3)
arise from separation of photogenerated carriers by a neaor room-temperature high-purity $j~10° s for Si:B with
surface electric field. However, for undoped semi-insulatindB]=10" cm3). Thus in a standard analysis of semiconduc-
(Sl) GaAs, the SPV mechanism is quite different to that fortor devices the deep-level trapping effect is commonly ne-
low-resistivity (doped semiconductors. Steady-state SPV glected, andAn~Ap is often assumed, wheren and Ap
measurements on S| GaAs were recently discussed at bo#tte nonequilibrium free-carrier concentrations for electrons
room and low temperaturé$. It was found that SPV of SI and holes, respectively.
GaAs reflects the characteristic photoresponse of a trap- However, for trap-dominated high-resistivity semiconduc-
dominated relaxation-type semiconductor. To a first approxitors, the assumption of charge neutrality among free carriers
mation the Dember potential plays a dominant role in thes not always applicable. Due to the high density of trapping
large apparent SPV at room temperatiidowever, at low and recombination centers, the carrier lifetime is often very
temperatures deep-level impurity trapping plays an importanshort compared to the dielectric relaxation time, which is
role in the photocarrier transport and influencing the steadydetermined by the sample resistivity & pe,eg). The im-
state SPV signal. In this paper, we further discuss these ph@lication of a charge neutrality breach is that an internal elec-
nomena by providing an analysis of photoinduced carrietrical field can develop throughout the sample. Ambipolar
transport in trap-dominated relaxation-type semiconductordiffusion- and/or space-charge-limited current flow may
This approach is then extended to address transient SPV phdeminate the excess carrier transport. A typical example is
nomena. As a result, transient SPV measurements of She majority-carrier response to nonequilibrium minority-
GaAs samples are discussed in the light of the former modedarrier injection. Rather than a carrier concentration enhance-
and the usefulness of this approach as a nondestructive deapent that is often observed in low-resistivity materials, ma-
level characterization technique is thus revealed. jority carriers tend to become locally depleted. This result
Based on initial work by van Roosbroeck and Caseywas clearly expressed in Ref. 8.
semiconductor materials which are perturbed from equilib- Intrinsic (above-band-ggpoptical excitation for a relax-
rium (np=n?) can be divided into two categories: lifetime ation semiconductor was first discussed by Schetzifidl-
and relaxation semiconductdtdhis classification is usually though both electrons and holes are introduced simulta-
based on the relative values of two characteristic times, thaeously by above-band-gap photoexcitation, a space charge
carrier lifetime 7y, and the dielectric relaxation timg. Ina  can still be created owing to unbalanced deep-level trapping
lifetime semiconductorz,>14, the bulk space-charge neu- and mobility deviation:! Midgap impurities are expected to
trality is generally maintained. Before injected minority car- play an important role in the SI GaAs SPV response. The
riers recombine or are trapped, local fields created by theharacteristic times in undoped Sl GaAs are the relaxation
excess carriers will be instantaneously compensated for biyme 7,~10"° s (based onp,=10" Q cm) and the carrier
the majority-carrier redistribution through dielectric relax- lifetime 7,~10"°s at room temperaturé.Properties of this
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material reflect the dominant role of the native defect level
EL2 near mid-band-gafN,~10'° cm 3).1* EL2 has a donor
level located at 0.76 eV below the conduction-band mini-
mum, and acts as a donor and an electron togp-4x10 °

cn?; 0,~2x107*® cn?).* These defects can closely com-
pensate for shallow acceptors, thereby pinning the Fermi
level near the middle of the band gap. In this paper, we
extend studies of SPV characteristics of undoped S| GaAs
using optically biased low-temperature transient SPV mea-
surements.

Optical Bias (arb. units)

II. THEORETICAL CONSIDERATION

Following van Roosbroeck’s model, a major effect of
traps in semiconductors is to decrease the drift mobjity
(Ref. 7, which is determined by the mean tintet takes
injected carriers to move a distandaunder the influence of |
an electric field¢& Mdzdlgt (Ref. 15. In the absence of T T T
carrier trapping, the injected carriers behave as quasifree, and (] 1 2
the drift mobility is identical to the conductivity mobility®.
However, if traps are present, we may witte

V. (arb. units)

(7]
F-N

Time (s)

FIG. 1. Typical photovoltage transient wavefor@A) for un-
doped semi-insulating GaAs at=280 K, due to the optical bias
pulse(B).
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where n is t_he injected carri_er conc_entration i_n extendeds V. is sufficiently smalli.e., by controlling the probe pho-
states, anah, is the concentration of injected carriers that arey, flux) such thatV, <(kT/q) (9= 2 9)/(x 9+ x 9), then
oc n p n p/

trapped. The effective electron drift mobilied may be Eq. (5) can be further approximated as
treated as constant if the electron quasi-Fermi level is located

within the band gap® Thus, under weak intensity intrinsic KT 4 4 Nin(0)
photoexcitation the electron current density can be ex- Voc~E (n= tp) o
pressed in terms of the total injected electron concentration 0

(6)

ninj:n+ nt as

Ninj

dx ’

Jn=0uq(No+ Niy) €+ KTy 2
wheren, is the dark equilibrium electron concentration ahd
is the electric field originating from the Dember efféct.
Analogous to electrons, the injected hole current denkijty
under similar photoexcitation conditions is

dpiy;
dx -’

&(x) can be obtained under open-circuit conditiofi®.,
Ji=Jy+3,=0),

Jp=0qug(Po+ Pin) E— KTl 3)

d pin; ¢ ANy
P ax  KTHn gx

X)~ :
‘70+QMgpinj(X)+quninj(X)

where oy is the dark conductivity. An expression for the
open-circuit photovoltag®/,. may then be derived by inte-

grating &(x) over the sample thicknesk), assuming that the
above-band-gap photoexcitation resultijg=n;,; °

(4)

do
Voc= fo &(x)dx

d d
Nk_T Mn™ Mp

d d
a4 Mptup

(mf+ 1p)Niny(0)
(0] ’

1+ (5

In

The injected carrier concentratior),;(0) on the front surface
can be calculated froh

KT [ mamp | dnig g
— - +ad exp—ax)=0,
q /_Lg-i- ,u,g dx? Tht Tp 3 )
)
with solution
a®(r+7,)
Ninj(X)=C exp(—x/Lg) + T2 exp(—ax), (8)
a Ly
wherelL 4 is the ambipolar diffusion length given by
KT [ mamp v
Log=|2— | —g—3|(mntT0)| . 9
‘ q \uptu, e

andC is a constant determined by the front surface recom-
bination velocity'’

From Egs.(6), (8), and(9) we can see howd and u¢
influence the magnitude of,.. For SI GaAs with above-
band-gap photoexcitation, deep-level trapping reduces the ef-
fective mobilitiesud and ¢ compared with those associated
with extended states. The measured SPV for these samples
under fixed low-level optical excitation decreases rapidly as
the temperature falls, as shown in Ref(i®., Fig. J; this
reveals that, on lowering the temperature, the difference be-
tween 19 and ,ug reduces as deep-level trapping becomes
more effective for the faster-moving electrons. It is important
to realize that only the SPV of high-resistivity GaAs is sen-
sitive to the difference in the carrier drift mobilities: For
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doped semiconductors, the Dember potential plays a minor
role in controlling the SPV response. SPV of dopeaAs
is actually insensitive to the sample temperature, at least for
T>200 K (Ref. 6.

As discussed previously and illustrated using &), un-
der weak excitation condition¥ ;! is proportional to the

sample’s dark conductivity This is one of the main reasons 7 ANV
why the Dember potential plays such a dominant role in the

SPV response of high-resistivity relaxation-type semicon- ¢
ductors under open-circuit conditionglsing an intense sec- Y
ond beam as an optical biéise., with above-band-gap pho- b

ton energy, the steady-state reciprocal SPV increases -

linearly with the bias fluxsee Fig. 2 of Ref. § indicating MM
that the near-surface conductivity can be monitored under E
optical bias in a nondestructive manner using the small- 4 AAPAAMANAN
signal SPV method. This approach was further explored in

A

B

c

D

the transient mode for the undoped S| GaAs. Essentially this E
F

T . T
0.5 1.0
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~

Voc (arb. units)

is a transient photoconductivity measurement having the ad-
vantage of not requiring the use of any metal contacts.

IIl. EXPERIMENTAL SETUP AND RESULTS

Measurements were made using a system discussed -
previously® The sample is placed in a helium-based cryostat
system. The detailed structure of the sample holder has been
discussed previousf/The sample temperature can be set
either manually or by a computer using the Lakeshore 320
temperature controller. Sample temperatures can be main- P
)

tained within 0.1° of the setpoint for periods as long as 30 ’
min in the range 15—-350 K. The optical system consists of a 0.0 15150 155
bifurcated optical fiber bundle with two tungsten-halogen Time (s)
lamps. One lampg100 W) is used as the probe light source.
Light from this source passes through a monochromator FIG. 2. Surface photovoltagé, transients for undoped semi-
(Chromex 500IS/SW a variable neutral density filter, and a insulating GaAs as a function of time and optical bias at tempera-
mechanical choppe{Stanford Research SR540rhe other tures: 259 K(A), 290 K (B), 285 K (C), 280 K (D), 275 K(E), and
lamp (250 W) is used as a deep-level pumping source. Light270 K(F).
from this source passes through an electromechanical shutter
(Vincent UniBlitz LS6T2 driven by a shutter drivefUniB- the SR830 digital lock-in amplifier, or using a SCC1220
litz D122). The SPV signal was measured using either eadigital oscilloscope to measure the analog output of the
Stanford Research SR830 digital lock-in amplifier or anEG&G lock-in amplifier. Stored data can then be averaged as
EG&G analog lock-in amplifier. The choice of measurementmany times as required to achieve a given signal-to-noise
frequency was a compromise between the SPV signal amplratio. Typically, averaging of five consecutive transients
tude (favoring low-measurement frequengiesd system re- proved sufficient at each temperature, although in extreme
sponse time. Typically 2 kHz was chosen as a good compraozases considerably more transients were used before the tem-
mise. The output time constant of the lock-in amplifier wasperature could be raised to the next setpoint. By recording
set at 1 ms in all cases, in order to follow the SPV transientthe entire transient we can acquire all pertinent information
The SPV signal in the darminimum background lightwas  in a series of fixed temperature data sets. The stored data can
controlled to remain below 1@V by limiting the incident then be further analyzed using, for example, a rate window
probe photon flux. Thus perturbation of the sample darkapproach or by various curve fitting procedures. Meaningful
Fermi energy due to probe light could be minimized. fitted transient time constantsor rate window selections are
Having established the steady-state conditions, an opticdimited in the fast response regime by the time required to
bias pulse of selected duration and intensity was applied textinguish the pump light~5 m9, and in the slow response
facilitate analysis of SPV recovery transients following theregime by the recovery of the SPV transient itself. Typical
pulse. The signal was first fed through a variable gain, highdata showing an entire SPV transient obtained for an un-
impedance preamplifie(Stanford Research SR560and doped S| GaAs sample at=280 K is shown in Fig. 1.
then into the lock-in amplifier. It has been found that, at all temperatures, the SPV signal
Rather than monitor differences in the SPV signal at twois sharply suppressed by the strong optical bias pulse. The
times during the recovery transient while the temperature iSPV recovery transient following the bias pulse strongly de-
swept, isothermal conditions were maintained, and the entirpends on temperature. Figure 2 shows a series of transient
transient was recorded. Up to 16 625 data poigually  curves in the temperature range 270-295 K. If the SPV sup-
spaced in timgcould be sampled with 12-bit accuracy using pression can be considered as the optical-bias-induced local
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free-carrier enhancement or conductivity enlargement, thewhereC,, is the trap electron-capture coefficieM,, is the
the SPV signal recovery reflects the conductivity transient otrap concentratiore, is the electron emission rate, an{t)
the free-carrier relaxation, which is controlled by deep level[ n.(t)] is the electron concentration in extend@ap) states.
emission. A detailed discussion will be given in Sec. IV.  In principle, with active retrapping involved the transient of
Results of two-beam transient SPV measurements of S1°(t) or the near-surface conductivity becomes nonexponen-
GaAs at low temperaturgse., T<160 K) is shown in Fig. tial. (See the Appendix for a detailed discussjoor this
6. In the narrow temperature range of 130—-150 K, the SP\feason a simple single-exponential function cannot be ex-
response shows a distinaegativetransient following the tracted from the whole SPV transient. In practice, however,
optical bias: initiallyV . quickly rises above the steady-state we found that the slow transient can always be satisfactorily
value, and then decays within a given time period. This phefitted to an exponential function. Similar observations have
nomenon has never been reported before, and is a unigaso be reported by Abele, Kremen and Blakemore on their
characteristic of undoped S| GaAs. The distinct SPV linetransient photoconductivity datdIn the Appendix we show
shape in this temperature ran@mpared to that discussed that if the trap concentration is high and their occupation is
above for the same S| GaAs samptannot be simply ex- low, the “instantaneous Iifetimeﬁﬁ” can be treated as a
plained by deep-trap emission and a corresponding “dark"constant and independent of(t). Thus the transient free-
conductance decrease. A key feature that alerted us to a pasarrier concentration in the extended stafes the near-
sible mechanism for the phenomena was the fact that theurface conductangevill have the following form:
temperature window for observing the negative transient is
well matched to the temperature for thermal recovery of the n°(t)=n°(0)exq—t/rﬁﬁ), (A3)
dominant electron deep trap, EL2, from its metastable to .
ground staté.In Sec. IV we provide detailed discussions. with

0
T Niexp(E; /kT)
IV. DISCUSSION e~ nN—C (A12)

As mentioned earlier, for temperatures close to room temgpere 0 is the electron recombination lifetiméy, is the

perature, the SPV of SI GaAs is influenced by near-surfacgffective density of states in the conduction bafgjs the
“dark” conductance. Optical bias increases the free-carrleﬁrap activation energy, and a simplified form fﬁﬁ can also
concentration and thus the near-surface conductance, SUpa cajled thesffectivefree-carrier transient time constant.
pressing the SPV response. Moreover, using an optical bias it 5, Eq.(A3) the free-carrier concentration indeed expo-

is possible to fill electror(hole) traps in the uppetlowen  eniially decreases with time. It represents the slow transient
half of the band gajcompared with their equilibrium occu- i, the real situation. Equatioth12) indicates that investiga-

pancy. Afte_r term|r_1at|on of the bias pulse, detra_pplﬁg)m tion of the temperature dependencer‘ﬁpﬁt still yields the trap

the_trap$ will modify the near-surface_ free-car_rle_r concen- depthE,, but not the capture coefficie®,, or the capture

tration as well as the measured SPV signal. This is analogous j . stéctiom Sincee. cannot be dirr:actly determined
n- n

to digital trans[er}atlghotoconduct|V|t_y measurements reported | Eq.(A12), a conventional Arrhenius plot is no longer
on such material®® Common practice is to assume that the . /2 _eff

i o applicable. Instead, Ii¢"“7,,") versus 10007 should be plot-
near-surface conductander free-carrier concentratipns

solely controlled by deep-level emission, and thus to fit theted and the slope can be used to deternipeThis modifi-

entire waveform to a simple exponential function. However,Catlon is believed to be appropriate to the analysis of tran-

we found that thev2 decay wasot a simple exponential sient data generated from other ungated structures and

function. Many researchers have experienced similar pro structures with a weak internal electric field. Writing the re-

lems with nonexponential behav}grzowhen they tried to fitClprocal SPV in the form
transient conductivity from S| GaAs:~"The underlying rea- _ 0 i
son for nonexponential characteristics needs to be clarified, A(INoe) = (AN o expl —t/ o), (3
otherwise, the results from the best multiple exponential fitwwhere
ting procedures requiring as many as four or five emission
rates have little physical meaniftHere we propose one IN (1) = 1N (t=)
possible answer to the phenomenon of nonexponential A(INo)= 1IN (t=20) ' (12)
transient$! o
Contrary to doped GaAs, where there is an effectiae Tﬁﬁ is obtained at each temperature by standard curve fitting
tive surface electric field created by the Fermi-level pinning(i.e., the Marquardt-Levenberg algorithrasing the slow
on the free surface that can quickly sweep the emitted carritransient part of the data. It was found that by fittilﬂﬂf
ers out of the space-charge region, undoped S| GaAs has mstarting at different times in the transiefgt the results ob-
such strong field under normal conditioch§hus thermally tained can be slightly different: By creating data from the
emitted carriers from deep levels have a good chance of bgsartial exponentials and attempting to analyze them, we
ing recaptured by the same traps during the SPV transienfound that the normalized standard erfor coefficient of
Using the Shockley-Read model, a quasistationary state beariation, CV% of Tﬁﬁ can be used as a good criteria for
tween traps and extended states can be assumed due to str@agectingt®. Thet® with minimum CV% of 7% corresponds
retrapping. That is, to the smallest influence of fast nonlinear exponential tran-
sients to the slower and linear portion. The fitt then has
ConP(t)[Ny— ny(t) J=enny(t), (100  the closest value to the known parameter. Figure 3 illustrates
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Starting time t, for fitting (s) FIG. 4. Modified Arrhenius plot for the transient SPV data fitted

from Fig. 2. The energy depth of the dominant traps is found to be

FIG. 3. Curve-fitting results for the effective time constafit E=0.99+0.05 eV.

of reciprocal SPV transients 8t=275 K using different starting .
time t, (see textwith enlarged error baby factor of 50 (A), and ~ '€Sponse of Sl-GaAs can be influenced by deep-level trap-
the normalized standard errfite., coefficient of variabléC\Vo)]  Ping through changes in the carrier drift mobilitigs and
Vs ty (B). The minimum CV% of 0.732% is found a§=422 ms ,ug The metastable state Et. has been shown to be respon-
(marked with arrows and the corresponding™ is 1.163 g. sible for the nonrecoverable IR-induced SPV enhancement
below 130 K232* Consequently, we attribute the negative
the different fitting results folf =275 K using different®  transientV,, as the thermal recovery of metastable state
with the corresponding CV% values. The minimum CV% of EL2*. Thus, right after photoquenching/,eﬁ—,ug ap-
72" is 0.732% obtained ay=422 ms, and the corresponding proaches the difference in the mobilities between the ex-
7°1=11.63 s. tended stateg.p— u . Since as an electron trap EL2 will
After 7% is obtained from the refined curve fitting proce- lower the electron mobility more effectively than the hole
dure, it is a simple matter to analyze the activation engigy mobility, (uf—u5)<(ui—pp) will hold under normal
shown in Fig. 4. The slope of the plot was determined byconditions. When temperatures exceed 130 K, Ei2no
using a least-square fit. The result shdiys-0.99+0.05 eV. longer a stable atomic configuratiéhand thermal recovery
Unlike standard capacitance DLTS, where only bulk deepWwill restore ELZ to the ground state. This can explain why
level filling and emptying participate in the capacitance tranihe SPV response cannot maintain its high value following
sient, surface-trapped charge plays an important role in trarthe optical bias pulse and the decay\gf. can be observed.
sient SPV, as discussed previouslfhe strong retrapping The SPV decay rate is controlled by the thermal deexcitation
revealed from the transient SPV data indicates that the degjpecovery rate for the metastable state of EL2. By analyzing
level being probed may be related to surface states. Furthethe SPV decay characteristics, we should therefore be able to
more, very long SPV recovery transierit to 8 § are only ~ evaluate the EL2 thermal recovery.
observed in SI samples, and not in conducting material; this It should be pointed out that the probe light intensity is
suggests that the low background level associated with theery weak(i.e., photon flux<10'* cm™*s™%), which is gen-
low dark conductivity enhances the Dember effect in Slerally too weak to disturb the EL2 configuration and contrib-
GaAs, and makes the SPV transient very sensitive to neaite to changes in the effective drift mobilities. Also at these
surface deep-level emission. temperaturedi.e., 130—150 K, dark conductance changes
Considering the nature of two-beam SPV of a photonshould have negligible influence on the SPV transient, as
induced nonequilibrium process at low temperatures, EL2hermal emission from deep-level traps will be very small.
intracenter transitions*A;—1T,) are very likely involved Based on these considerations ¥g decay rate following
during the white-light biasingthe photon energy window for its maximum can be fitted to an exponential function of tem-
the EL2 transition is 1.0 e¥hv<1.4 eV (Ref. 22. At these  perature,
temperatures the large lattice relaxation associated with
metastable EL2 makes EL2 insensitive to extrinsic excita- r=1.9x10%exp(—0.32 eVKT) (s 1). (13
tion (see Figs. 5 and)6 This is known as low-temperature
photoguenching or the photoinduced EL2 metastable stat€he correlation coefficient was larger than 0.998. This is
transition: EL2°-EL2* . As discussed previously, the SPV consistent with the EL*2 recovery rates measured for con-
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1
130 K* 1000/T (K)
80K (b) w% FIG. 6. Arrhenius plot for the data fitted from Fig. 5. The EL2
80K thermal recovery rate is given by 0" exp(—0.32 eVKT) s~ 2.
hs V. CONCLUSIONS
f ! 1' ' In this work, we demonstrated that the nondestructive
80K (a) 0 05 0 15 20 SPV method can be extended to analyze deep-level charac-

Time (s) teristics of SI GaAs using the two-beam configuration.
Above 270 K, effective carrier drift mobilities which are
FIG. 5. Surface photovoltage transients and bias inddégd  determined by deep-level trapping and recapturing are hardly
enhancement at low temperatures. Initial “dark,c at T=80 K gjtered as the trap concentratitre., the EL2 center concen-
(cooled in dark without biasis shown as 80 K(@). This is not  {ration) remains quite high, and saturation is difficult to
recoverable after the optlcal_blas pulse is applied at this temperas-pieve using optical excitation. The measured Dember po-
ture. Vo after the first cycle is shown as 80 ). SPV enhance- o ntia| is thus determined only by near-surface conductivity
e ot o . oo e ChaNGes, and ransient conducty can be measured i a
by asterisks were used to calculate the therlmal recovery ratg.of nondestructive manner. At I.OW temperatu@silﬁo K) j[he
metastable states of EL2, induced by the optical bias, can
greatly changeu§ and 1§, and thus increase the Dember
ducting GaAd(i.e., r =8x10" exp(—0.34 eVKT) (s!) us-  voltage which is sensitive to both electron and hole transport
ing photocapacitance measuremétits properties. At these low temperatures, deep-level thermal
It should be mentioned that a previous attempt at evaluemission plays a less important role. Thus SPV transients are
ating the thermal recovery rate for EL2n SI GaAs using mainly determined by changes in the EL2 atomic configura-
thermally stimulated photocurrenfTSPQ measurements tion (metastable state thermal recoveifythe temperature is
provided a quite different activation energy and preexponenin the appropriate range. Using this technique, the Ete2
tial constant’ compared with Eq(13): the activation energy ~covery rater was found to follow Eq(13), consistent with
was only 0.26 eV, and the preexponential tarntknown as ~ Previous results' measured for conductmg GaAs. From this
the attempt-to-anneal frequenowas 2.55¢1C% s™%, nearly Work_, the pot_entlal o_f thg SPV technique to chara(_:terlze trap-
four orders of magnitude lower than our results. In the TSpcdominated high-resistivity GaAs and other semiconductors
measurements, the concentration of defects in the* Bitate has been clearly sho_wp. This is particularly important when
corresponding to the maximum free-carrier concentration opther mgt.hlods are difficult to apply because of low sample
the photocurrent peaki=T,) was not clearly defined. Also conductivities.
the limited range of heating ratiess than a factor of 34nd
T, (less than 15°restricted the accuracy of the resfitOur
preliminary studies of EL2 recovery using transient SPV  The authors gratefully acknowledge a grant from the Na-
clearly show that the nature of EL2 is the same for bothtional Sciences and Engineering Research Council of
conducting and Sl GaAs. It also indicates the applicability ofCanada, without which this work would not have been pos-
this technique to characterizing EL2 and other bulk and sursible. We also would like to thank Dr. Z. H. Lu of NRC and
face deep levels where fabricating contacts is diffiéllt. Dr. M. Simard-Normandin of Nortel Ltd for valuable discus-

ACKNOWLEDGMENTS



55 ROLE OF DEEP-LEVEL TRAPPING ON THE SURFAE. .. 10 547

sions on this work. One of the authai®.L.) is indebted to  Assuming linear recombinatiofthe recombination lifetime

the University of Toronto for financial support. m,= 70 is a constant non-negligible retrapping causes the
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APPENDIX ship:
0 0
Following perturbation of the deep-level occupancy, the d_”:_ n-(t) (A5)
approach returns to the equilibrium state, and can be de- dt o
scribed by . . I
with the instantaneous lifetimié
dn® dn, n° C.N.e
—_—t—=——, (Al) eff_ 0 + nt¥ten
dt dt Th Tn Th 1 [Cnn (t)+en] . (A6)

where no and Ny qre the carrier ConC.entrationS in the ex- As no(t) decreases;—ﬁﬁ progressive|y increases according to
tendeq and localized states, respegtlvely. The standarq agy. (A5). In general the nonlinear equati¢A5) cannot be
sumption used to analyze bulk and interface state transienitegrated in a closed analytical form and the decay becomes

in both DLTS and photoconductivity techniques assume onexponential. However, the decay would be exponential
very high recombination rate, and that thermally releaseggain when the condition

carriers can be instantaneously removed by a strong electric

field so that Eq(A1) reduces to Can°(t)<e, (A7)
dn no is satisfied. Then the relaxation tirr=r§ff takes the form
t
—_—=—— (A2)
dt CyN
Tn 70 14+ = t), (A8)
The decay of the electron density is thus expressed by n

o and then Eq(A5) can be integrated as
n°(t)=ny(0) rnenexp—ent), (A3)

0 —_n0 _ eff
wheree, is the electron emission rate from the trap, which () =n(0)exp(—t/ 7). (A9)
can readily be obtained by fitting the conductivity decayThe emission rate,, can be written in the general form
transient.
For ungated structures with only weak fields near the sur- €n=CaNcexp(—E/kT), (A10)
face, the free-carrier decay transient can be analyzed usirthen, from Eq.(A8),

the Shockley-Read model for the quasistationary state,
y q Y N exp(E, /kT)

eff _ O
Can®(D[Ne—ne(H)] ~eany(t). (10) = ) (A1D
Introducing the expression for,(t) from Eq. (10) into Eq.  If the concentration of traps is high and the corresponding
(Ad), level is deep, then
CiNie, | dn_ n°(t) o TaNreXP(E/KT)
Y Cnmrer @t s, A [ (A2
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