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Bound exciton effect and carrier escape mechanisms in temperature-dependent surface
photovoltage spectroscopy of a single quantum well
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The temperature dependence of the surface photovoltage spectrum of a strained GaAs/Aks/GaAs
single quantum well shows unusual broadening of the line shape aroupgtking feature below 100 K. With
evidence obtained from the temperature dependence of the photoluminescence spectrum, this unusual broad-
ening is attributed to a bound exciton transition that is prominent at low temperatures. Selectively excited dc
photocurrent experiments show that thermal emission and field-aided tunneling emission of photogenerated
carriers from the quantum well are responsible for the charge separation and subsequent generation of surface
photovoltage of the quantum well.

[. INTRODUCTION trode. A transparent conducting glass plé&teated with in-
dium tin oxide or ITO on the surface facing the sampte
Surface photovoltage spectroscdi®PS is a well-known  used as the top electrode as well as the window for the light
technique to map the electronic structure of bulk semiconio shine on the sample. The ITO-coated surface of the glass
ductors near the band edge as well as at sub-band-gap en#findow is adjusted to gently touch the top surface of the
gies. In surface photovolta§é (SPV) experiments we mea- Sample. Experimental details of touching the sample surface
sure the change in surface potential due to optically excite/ill P& discussed in detail in a separate E’aﬁ%ﬁ 150 W
electron-hole pair generation under periodic illumination andiuariz-tungsten-halogen lamp along with; &riel mono-
subsequent carrier redistribution and/or capture in the surfacgromator (77250 Ahavmg a grating with 1000 nm blaze
states. Recently, SPV measurement has emerged as a po\o(ﬁ\velength (128 A/mm dlsper§|oh is used as 'the light A
erful  techniqué to study surface  statéS;’s source. _The spectral bandpass is kept at apprommately _30
heterojunctionéG’” quantum wells(QWs 18-20 4nd other to optlmlze_ the balance between the resqlutmn and the signal
nanostructure%l."x ' strength. Light from the monoch.romator is chopped at a fre-
In this paper we report SPS experiments on a single-Q uency of 2@-0.1 Hz before being focused on the sample'
structure of strained GaAs|Ga, As/GaAs over a wide hrough the top transparent electrode. The ac photovoltage is

range of temperatures from 300 to 8 K. The results show aR'Cked up by the ITO-coated transparent electrode, using a

. . X unity gain buffer circuit and measured with an SR830 lock-in
unexpected increase in peak width aroundejwaih feature amplifier. A 715 nm order sorting filter is used to block

in the SPV spectrum below 100 K. From comparison of the awanted hiaher-order lines from the monochromaidh
temperature dependence of SPV and photoluminescence 9 '

(PL) spectra, we attribute the broadening to a bound excitoﬁorrecu.On IS applle(_j to the measured SPV spectrum fo rep-
resent it as a function of energy. In the region of the QW

transition that is significant at low temperatures. We also ectrum. the measured spectral response of the excitation
report selectively excited dc photocurrent experiments on th ph f ' he | d P h P bination i
QW structure using a top Au Schottky contact with bias an ight from the amp and monoc romator com |nat|on' s
temperature dependence and show that both thermal emisQund to be nearly independent of wavelength, thus requiring

sion and field-aided tunneling emission of photogenerate no:IJIrggrscgézgtlﬁg;gnzcﬁ'ZZ;%tipjgy;%?ﬂ:éﬁt??Q'750
carriers are responsible for the SPV. ' 9

nm, well above the GaAs band edge, to 1100 nm, below the
band gap of InGaAs.
IIl. EXPERIMENTAL ARRANGEMENT The experimental arrangement for the ER measurement is
~26 ;
SPS, electroreflectanc&R),2*-26 and PL (Ref. 27 mea- standaré&*~2® except for the fact that the top conducting

surements were done on strained GaA@®_,As/GaAs transparent ITO electrode gently touches the sample
single-quantum-well samplegvith nominal In Xcontentx surface?® A Ge detector is used to measure the reflected

~0.2) grown in our laboratory by using metal-organic vapor-“ght- For PL experiments we use a model 207 McPherson

phase epitaxy. The SPV measurement is done with choppefi67 meter scanning monochromator with a 488 nrh A
light in a capacitve geometry in a vacuum jig Seras the excitation and a Si diode as the detector.
(<10 *mbar) at various temperatures from 300 to 8 K
(with AT~ =1 K) using a closed-cycle He refrigerator and a
temperature controller. The sample is mounted on an
L-shaped copper plate with silver epoxy and attached to the Figure ¥a) shows the room-temperature SPV spectrum
cold finger of the cold head which acts as the ground elecfor a nominal 70 A strained QW structufsample A of

IIl. CHARACTERIZATION OF SINGLE QW USING SPV
AND ER SPECTRA
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0.06 pr——r——— 77— TABLE |. Comparison of transition energy valués eV) as
E (a) calculated for a strained GaAsjlpGa, ;7As/GaAs single quantum
0.05 ] well and the values determined from SPV and ER speeirdh, ,
< b e;-1h;, GaAs transition energies of SPV arg-hh;, GaAs transi-
Z 0.04 ¢ ] tion energies of ER are obtained by fitting an Aspnes line shape
B 0.03 b ] [Eqg. (1)] with appropriate values of m. The rest of the transition
-‘é’ e energies are directly located from the respective spectra without any
2 0.02 b ] fitting.
So
E 001k ] e;-hh, e;-hh, e;-hhy  e;-lh;  GaAs
@ SPV 1.224 1.255 1.306 1.344 1.416
0.00 ¢ GaAs e1-hh2 1 ER 1.228  1.260 1306 1.347 1.417
NP N BN I B B Calculated value 1.228 1.258 1.305 1.356
800 850 900 950 1000 1050 1100
Wavelength (nm)
derivative spectrum(d[EV(E)]/dEvsE) of the SPV and
-4 .. . . .
1.5x10" e then similarly fit the Aspnes line shape function to the result-
! e1-lhq (b) ant derivative spectrum. This forms an analytical criteffon
1.0x10"F ] for extracting the transition energies for a QW for which
s e1-hh3 at<1, wherea is the absorption coefficient ands the well
5-0x10'5, width, and the SPV can be shown to bax/E. In the next
- ¢ section we will show that the transition energies of the GaAs
o 0.0x10 | band edge at various temperatures as determined by this
< [ method produce fitting parameters which are in close agree-
-5.0x10°} ment with those in the literature. So we adopt this method for
[ the bulk materials as an operational procedure to extract the
-1.0x10°f transition energies from the SPV spectra.
. GaAs The experimental values of the transition energies ob-
S0 ] tained from the SPV and ER spectra are listed in Table I.

800 850 900 950 1000 1050 1100

Wavelength (nm)

Also listed are the values calculated for a strained
GaAs/In ,4Ga, ;- As/GaAs single QW of width 70 A. Close

agreement is seen between the transition energy values ob-
tained from the two spectroscopies and the calculated transi-
tion energies.

FIG. 1. (a) SPV spectrum of sample A at room temperatubg;
corresponding ER spectrum of sample A at room temperature.

GaAs/InGa _,As/GaAs withx~0.2. The top layer thick-
ness is 1000 A andh-type doping is approximately 5
X 10'%cm 3. The spectrum consists of a feature characteris-
tic of the band edge of GaAs and several features character- Figure 2 shows the SPV spectra of samplélB0 A QW
istic of the transitions between conduction and valence subef GaAs/In, ,Ga, 7AS/GaAs at several temperatures over
bands of the QW. An ER spectrum of sample A is shown inthe range 150 to 27 K. The transition energies obtained by
Fig. 1(b). QW transition energy values from the ER spec-the procedure outlined above for the GaAs band edge and
trum are obtained by using a numerical fit of the AspRé%  e,-hh, transitions are plotted in Fig. 3. As expected, the
line shape function, spectra shift to higher energies with lower sample tempera-
ture. Although it is not the main thrust of this paper, we shall
ﬁ=&(m)Asl(w)+73(w)Asz(w) briefly comment on the _a_bove reSl_JIts since the t_emperature
R dependence of the transition energies of bulk semiconductors
n and thlgir 3guantum structures is a topic of considerable
- . - CE LiToam interest:” > We have tried to fit our experimental results
_J-Z’l Rela; expli 0)/(E~Eoj+il'g)", (1) into different equations available in the literature, namély,
_ _ _ _ the empirical relation of Varshnt, (i) two different equa-
where i=\-1, e(w) is the dielectric constamte;(w)  tions of Passlef? considering different expressions for the
+iey(w), @(w) and B(w) are Seraphin’s coefficients, and electron-phonon interactions, afii) an equation of Vina,
Eo; andl'; are the energy and broadening parameters of theéogothetidis, and Cardofidbased on similar considerations.
jth transition, respectively. Fon= 3, the line shape approxi- Results of fits to these equations are presented in Table Il.
mately takes care of the inhomogeneous broadening within Although there is considerable scatter, in general we find a
QW. For the bulk GaAs we use the same line shape witheature common to all these fittings, in that the values of the
m= 2.5 for the third-derivative functional form with Lorent- parameters or ®, characteristic of the average phonon en-
zian broadening. ergy, are found to be smaller for the InGaAs QW than for
In order to obtain the transition energy values from theGaAs. We also conclude that, since the values of the param-
SPV spectrum, we first numerically calculate the first-eters obtained for GaAs are in close agreement with those in

IV. TEMPERATURE DEPENDENCE OF SPV SPECTRUM
AND BOUND EXCITON EFFECT
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A T LAY LA temperature is lowered below 100 K. There is an obvious

@279K loss of sharpness at lower temperatures. Figure 4 shows the
plot of the broadening parametel’{) of the e;-hh; transi-
tion vs temperature obtained by fitting the line shape to the
numerical derivative spectra of the SPV at various tempera-

P R e R tures as mentioned above. From the plot we see that after an

@757k initial decrease from room temperature the broadening pa-
rameter for thee;-hh; transition is nearly constant up to
~100 K and then begins to increase as the temperature is

T L Ly s decreased. The same features are also observed from mea-

@ 100.7 K surements on sample A. However, thg values for the
GaAs transition decrease monotonically with temperature
(see the inset of Fig.)4As such thd"; values of the QW are
large and symptomatic of inhomogeneous broadening in-

FH Lt Lt Lt duced by the quality of our QW material/structure. Even so
the increase ol’; at lower temperatures is unexpected. It
may be remarked that broadening of the spectral features at
low temperatures is also observable but overlooked in the
SPV spectra of InGaAs QW samples reported recently by
Wu, Wang, and Huanf’

Some insight into the nature of the broadening is obtained
from the photoluminescence spectra of sample A shown in
Fig. 5 for temperatures between 19.7 and 101.4 K. These
spectra are also broader at lower temperatures. Moreover, we
can observe a prominent should®2 on the low-energy side

800 900 1000 1100 1200 of the main pealPl at 19.7 K. The pealP1l is assigned as
Wavelength in nm thee;-hh, transition. The shouldé?2 almost vanishes as the
temperature is raised beyond 70 K. From this temperature-

FIG. 2. SPV spectrum of sample B at different temperaturesgependent behavior, we assign the shoulder to a bound exci-
Lpss of sharpness of thes -hh, transition is obvious below 100 K. {5 (BE) transitiorf* since this feature shows up on the low-
Figures are not to scale. energy side of thee;-hh, peak and vanishes as the

, ) ) temperature is increased. Similar PL features are also repro-
the literature(case 3 in Table )i the method of extracting quced in sample B.

the band-gap energy of the bulk materials from the SPV \ye have carried out deconvolution of the PL spectra,
spectra as described in the previous section is a fairly goodeparating the peakB1 and P2, assuming the total line

operational procedure. shape to be double Gaussian below 101.¢h#ving average
A surprising feature of the temperature-dependent Spectideak separation of-7 me\) and single Lorentzian above

in Fig. 2 is the shape near tieg-hh, transition as the sample 101 4 K. The integrated intensities of the deconvoluted peaks
at various temperatures are plotted in Fig. 6 on a semiloga-

SPV (arb.units)

1.55 rithmic Arrhenius plot as functions of 1000/T. Activation
i energies of quenching of the peaR4 andP2 are obtained
% 1.50 : by fitting the plot in Fig. 6 to the equatiéh*®
> 1.45 :
5 140 . o _ 2
w . 1+ yexp(—AE/KT)
c 1.35¢
:fil' 1.30 L The activation energy values obtained by the fitting are
2 : AEp;=160.2meV and AEp,=16.1meV. AEp; repre-
E 1.25 ¢ sents quenching of the PL from tleg-hh, transition and is
1.20 . connected closely to the emission of charge carriers from the
U QW explored in the next section.AEp,, on the other hand,
L TG [ ) S SR N S SN S represents quenching of the PL of the bound exciton due to
0 50 100 150 200 250 300 thermal activation from the bound to the free exciton. Since

the rise in the SPV broadening parametEp)( is also sig-
nificant below~70 K, the temperature below which the PL

FIG. 3. Energies of various transitions as obtained from the SpP\shoulderP2 becomes significant, it is proposed that the SPV
spectrum of Fig. 2 plotted against temperature. Continuous line reg?roadening is caused by the onset of the upward bound ex-
resent the values of those transitions at various temperatures &40n transition. From the evidence presented above, the
fitted with Varshni’'s equation. Fitting parameters are shown inmechanism seems highly plausible. Abov&0 K, the BE
Table Il (cases 2 and)3 transition strength reduces significantly and almost vanishes

Temperature (K)
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TABLE II. Values of the parameters obtained by fitting the transition energy vs temperature with different expressions given in the
literature: Varshni’'s equatiofcases 1-8 Passler equationgase 4-Y, and Vinaet al. equation(cases 8 and)9 Brief comments on the
fitted results are given in the right column.

10 % BoroO Fitted equations and
Transition Es(0) (eV) (eVIK) (K) ag porP remarks
1. GaAs 1.51820.0020 6.03:0.2 200.0 Varshni egn. Eql) of

Ref. 31. In case 1,
value of 8 is kept
constant(Ref. 39.
Also see Refs. 34-36.
3. GaAs 1.5150.001 28 10.8+2.75 588.9-224 Fitted with Varshni
eqn. Parameters are
in close agreement
with Table | of Ref. 36.
4. GaAs 1.5140.0019 6.1040.72 282.8-55.34 p~2.5 Passler egn. Eg. 6 of
Ref. 32. Also see Refs.
37-39. Dependence on
the values op (2<p<3)
is weak in both cases.
6. GaAs 1.5140.0017 6.452-0.76 483.5-91.4 p~0.6 Passler eqgn. Eq9) of
Ref. 32. Also see Refs.
37-39. Dependence on

2. e;-hhy 1.2801:0.0013 4.3¥0.24 81.6:21.4

5. e;-hhy 1.279+-0.0013 4.0130.14 104.817.2 p~2.5

7. e;-hhy 1.279+0.001 33 4.06&1.47 165.2-28.6 p=~0.6 the values ofp
(0.3<p<1) is weak in
both cases.
8. GaAs Eg=1.5884+0.022 265.64:55.1 0.07530.024 Eq.(4) of Ref. 33.

Eg(0)=Ez—ag. Also see
Refs. 36 and 37.
9. e;-hhy Eg=1.3+=0.0035 109.%218.9 0.022:0.0044

beyond 101.4 K, precluding observation of any broadenindgoth the PL and the SPV experiments? To understand this

due to this mechanism either in PL or in the SPV. gualitatively, we note that the SPV signal is different from a
Another question needs to be discussed regarding thgure absorption signal since the excitations at higher energy

shape of the SPV spectra at low temperatures. Unlike Plisay, from thee;-hh, level) can decay to the BE state, which

why are we not able to resolve this BE transition in the SPVin turn can either decay radiatively by PL or dissociate and
even though the experimental resolution is kept the same in
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FIG. 4. The broadening parametdrq) of e;-hh, as obtained e;-hh, transition at the lower temperatures is attributed to a bound
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0 10 20 30 40 50 FIG. 7. Possible escape mechanisms for photogenerated carriers

1000/T out of the quantum well and SPV generati¢®. Thermal emission
and carrier separatioitb) Field-aided tunneling emission and car-

FIG. 6. PL intensities ofa) the e;-hh, transition and(b) the  rier separation, an¢b) separation of photocarriers within the QW.
bound exciton transition are plotted against 1000/T. Interestingly,

the PL intensity starts saturating below 100 K. . . . . .
ty g depletion region. To distinguish between these processes, in-

stead we select a sample C with the same structure and

produce SPV. Similarly, carriers from the BE level can alson_type doping (-5x 101¢m-3) as samples A and B: how-

be excited to the;-hh; level and then subsequently excited ever, in this case the top GaAs is thickaround 3000 A

to forme "-h pairs(asABp,<AEpy) f0 generate SPV. Be- such that the QW is located in the neutral region at zero bias

ing a two-step process, the probability of SPV generatio : :
from the BE level may be small compared to that from th(:[see Fig. 8)]. Figure 9 shows a room-temperatur€1ts

e,-hh, level. This spreading of the,-hh, excitation into V plot of sample C with a Au-Ge-Ni back Ohmic contact and

various energy states prior to SPV generation can modify thgemitransparent A_u top Schottky contact. The onset of .the
SPV line shape and account for the difference between thgaturatlon region in Fig. 9 at around 1.2 V negative bias
PL and SPV spectra. Also, at low temperatures, increase in

the radiative recombination rateL generatiopactually re- Quantum Well

duces the SPV generation rate very much, because PL and
SPV are two complementary mechanisms. So beld@0 K

the e;-hh; level effectively broadens as a result of the inter-
action with the BE level. Above-100 K, thermalization of
carriers prevents the excitation of the BE level and no such
broadening in thes;-hh;-related SPV feature is observed.
However, a detailed analysis of the line shape requires fur-
ther investigation and modeling the various rate processes, Er
which is beyond the scope of the work described here.

‘l/ Depletion Region

V. MECHANISMS OF SPV GENERATION IN A QW

STRUCTURE @)
The SPV of bulk GaAs results from separation of charge Depletion Region
carriers in the built-in surface field following carrier genera-
tion by photoexcitation. How is the SPV generated when we Quantum Well

excite carriers within the QW? In order to produce SPV,
separation of carriers is necessary after photogeneration.
Three processes of charge separation can be envisaged, as
shown schematically in Fig. 7. These dm thermal emis-

sion of carriers out of the well followed by field separation,

(b) tunneling of carriers out of the well followed by field Er
separation, an¢t) separation of carriers within the QW itself
with possible capture into interface traps. The QW in both
samples A and B is situated within the depletion region, (b)
which is around 1500 A thiék for n-type doping of~5

X 10'°cm™3, whereas the top cap layer of GaAs is 1000 A FiG. 8. (3 Schematic band diagram of samples A and B. This
thick [See Fig. 83]. It is difficult to distinguish between also represents the band diagram for sample C under reverse bias
thermal and field-aided emission processes as such fromay —2.5 V). (b) Schematic band diagram for sample C under
measurements on samples in which the QW is situated in thgero bias.
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FIG. 9. 1C? vs bias plot for sample C at room temperature. The

QW reaches the depletion edge as the reverse bias is increased, as
represented by the saturation region of the plot.

108

occurs as the depletion region widens and reaches the depth
at which the QW is located. Thus at zero bias the QW is well 109
beyond the depletion region. With the application of about ;
—2 V bias, sample C resembles the condition of both
samples A and B, where the QW is already within the sur-
face depletion region. Thus, we can alter the field within the 1010 |
QW by varying the reverse bias. F
To gain insight into the relative significance of thermal

emission, field-aided emission, and charge separation pro-
cesses, we have carried out measurements of the dc pho-
tocurrent as a function of temperature at different reverse

bias voltages applied to the top semitransparent Au Schottky
contact of sample C. For photoresponse measurements with 1000/T
applied bias, we measure the dc photocurrent versus bias

K I liah dit h FIG. 10. (a) Photoresponse of sample C under different bias is
voltage under dark as well as light conditions. The Wave'plotted for various temperatures. Clearly the temperature depen-

length of the light(950 nn) incident on the semitransparent gence ofAl is orders of magnitude larger at zero bias than-at5

Au Schottky dot is selected so as to produce a uniform geny pias. (b) Arrhenius plot of the photoresponse as measured on
eration rate in the QW over the range of temperatures 289gample C.

8.6 K used in these measurements. The photoresponse is
obtained from the difference between the current values urfield-aided emission strength reduces and the sample has to
der illuminated and dark conditiongAl=I(llluminated) be cooled to lower temperature before the field-aided emis-
—I(dark)]. Representative results of these measurements aggon becomes predominant. The changeover of the emission
shown in Fig. 10a). In Fig. 1Qb), we have replotted the data mechanism occurs at a temperature where the strength of the
of Fig. 10@) in an Arrhenius pld® of Al versus 10007 at  thermal emission component decreases significantly in com-
each bias. The results can be summarized as follows. parison. This explains the highest sensitivity of the photore-
From Fig. 1@a) we see that at zero bias the photoresponseponse to the sample temperature when the applied bias is
decreases by a factor 6t50 as the sample temperature is zero. Moreover, the existence of dc photocurrent under high
lowered from 289 to 8.6 K. At larger reverse bias voltagesreverse bias even at the lowest temperatures used in the ex-
(say, at—2.5V), the change in the same temperature range iperiment clearly shows that the contribution of the third
relatively small, about a factor of~6 only. From this mechanismlas mentioned in Fig. (¢)] of photogenerated
temperature-dependent behavior it is clear that, when thearriers separating within the QW is insignificant in the SPV
QW of sample C is situated in a field region, field-aidedgeneration process.
tunneling emission is responsible for the removal of photo- The question may be raised: how does the net photocur-
generated carriers from the QW into the barrier region fol-rent arise where the QW is located in the neutral region? It is
lowed by separation in the field regigthe same mechanism suggested that after thermal emission carriers diffuse in the
is also responsible for SPV generation in samples A and B barrier region and minority carriers reaching the depletion
Since the field-aided tunneling emission is relatively inde-edge constitute the current flow. Accordingly, enhancement
pendent of temperature, the change in photocurrent due iof the photocurrent is expected as the depletion edge moves
cooling of the sample is small, as observed in the relativelyloser to the QW. Within the scheme of carrier escape
flat region in the Arrhenius plots for higher negative biasesmechanisms outlined above, it may be expected that at zero
in Fig. 10b). As the field in the QW region is reduced, the bias the photocurrent will continue to decrease monotoni-

O

Al (Amps)
]
>

oo
oo >«

10.11 PR S IO R S NSRS S N
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cally with lowering of the sample temperature down to thetion energy from the photocurrent measurements can result
lowest temperature-8.6 K used in the experiments. Con- because of the field lowering of the barrier height of the QW.
trary to this, we find that the photocurrent tends to saturaté\ detailed modeling will be necessary to confirm this aspect.
below ~100 K even at zero bias. Although the third mecha-

nism of photogenerated carriers separating within the QW is

temperature independent, we exclude this process for reasons VI. CONCLUSIONS

g:gtg:gg dzbi?\\t/c?.tr?:(\a/\sgﬁ“r\éeliyc;nwbeelrc];\a/\(/aict)g iszsg]ne;?igge We have reported the temperature dependence of surface
9 E}hotovoltage measurements on a strained

bias. Support for this is obtained from the measurement o aAs/inGa,_,/As/iGaAs single quantum well. We have
) o . x .

c V chgractezrlsncs at low tgnjperatures. We find that the.fla iscussed the effect of a bound exciton transition on the
region in 1C--V characteristics extends toward zero b'asbroadening parametef'§) of e,-hhy in SPV spectra below
W'th lowering .Of the_ samplg te_mperature, Wh'Ch.COUId 9V€_100 K. Photoluminescence ?nealsurements were performed
rise to some field-aided emission, thereby reducing the ther- : . "
mal emission dependence to explain the unusual broadening of thghh; transition as

P : a result of this bound excitonic transition along with the

The slope of the linear portion of each Arrhenius plots in . :
. . S = subband transitions in the quantum well. We have also re-
Fig. 1) gives the activation energy of thermal emission of

photogenerated carriers within the QW. Measured values (Rorted selectively excited dc photocurrent experiments to

the activation energies range from 75 meV at zero bias to 5§how that both thermal emission and field-aided tunneling

meV at—2 V reverse bias. These activation energy valueSmission of photogenerated carriers from the quantum well

N are contributing mechanisms for generation of SPV, with

are much smaller than the values of activation energy of th? . ) o o

; : ield-aided tunneling emission dominating the low-
qguenching of PL(~160 me\} as reported above. It is useful temperature regimes
to state, however, that the PL measurement is done under P 9 '
Ar* ion laser excitation with much larger excitation intensity
than the intensity of the light from the quartz-tungsten-
halogen lamp used in the SPV and dc photocurrent experi-
ments. From this, we expect the bands to be essentially flat The authors wish to thank Professor K. L. Narasimhan
during the PL measurement and the corresponding value @nd Dr. Sandip Ghosh for their valuable suggestions. S. D.
the activation energy for emission of the carriers out of thehanks Dr. R. Venkatraghavan, M. R. Gokhale, V. M. Upale-
QW will be higher. Relatively smaller values of the activa- kar, and P. B. Joshi for their help.
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