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Abstract. We have measured, by means of low-temperature photoluminescence 
spectroscopy, the dependenceon the well thicknessofthe shift of the excitonic recombination 
in GaAs/GaAIAs quantum wells induced by an external electric field. With increasing 
thickness, up to 230 A, an increasing Stark shift, amounting to more than 100 meV for an 
external field of -105Vcm-’, has been found. A corresponding quenching of the lumi- 
nescence intensity has also been measured. Theoretical calculations of the eigen-states have 
been carried out and shown to compare favourably with the experiments. Two different 
approaches, numerical solution of the Schrodinger equation and variational calculations of 
the eigen-states, yield similar results for the Stark shift. Using the latter method, the 
quenching of the photoluminescence is correlated with the decrease in the wavefunction 
overlap between electrons and holes, as they are spatially separated by the field. 

1. Introduction 

Since the work reported in [l] on the effects of an electric field on the luminescence of 
GaAs/GaAlAs quantum wells, several studies have appeared in the literature con- 
cerning the field-induced changes of the optical properties of these materials. Different 
techniques such as optical absorption [2-51 , photocurrent spectroscopy [6-91, electro- 
reflectance [lo] and photoluminescence (PL) [6 ,  9, 11-13] have been employed. Two 
main effects have been observed, namely a Stark shift of the excitons in the wells and a 
concomitant quenching in the PL. Most of the measurements have been concentrated on 
thin wells, where the confinement effects are large, and small shifts, together with strong 
reduction of the PL, with increasing field, were observed. The fields have been applied 
not only in the longitudinal configuration (i.e. with the field perpendicular to the layers) 
but also in the parallel configuration [3, 51. In the latter case, the situation is similar to 
that of bulk GaAs, where Stark shifts are hardly observable, because of strong lifetime 
reduction and impact ionisation of the excitons [14]: the excitonic resonances shift only 
-10% of the excitonic binding energy before they are completely quenched. In the 
following, we will consider only the case of longitudinal fields, for which the het- 
erojunction potential barriers hinder the motion of the photo-generated carriers in the 
direction perpendicular to the interfaces, and therefore prevent the field ionisation of 
the excitons [ 11. 
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The PL quenching was attributed to two coexisting mechanisms: spatial charge sep- 
aration and field-induced tunnelling of photo-generated carriers out of the well [ 1, 121, 
In some cases a dependence of the PL decrease on laser wavelength has been reported 
[12,13], leading to the conclusion that carrier escape from the wells can account com- 
pletely for this effect. Time-resolved measurements of the field-induced lifetime changes 
in the PL have also been performed to elucidate the importance of the different mech- 
anisms 8,15,16]. A decrease of the lifetime was observed for thin wells [15,16] (about 
30-50 8, ), consistent with the Fowler-Nordheim tunnelling model. This decrease is also 
observed when thin Al,Ga,-,As layers are used as barriers [8]. On the other hand, 
the opposite behaviour was obtained for wider wells [16] (B1008,), which can be 
satisfactorily explained by the decrease in the overlap of the electron and hole 
wavefunctions as they are separated by the field. 

The effects of electric field on impurity-related PL have been also studied. In [ l l ]  a 
superlattice of wells that were 55 8, wide doped with about 4 x 10l6 cm-? Be was used. 
PL due to free and bound excitons and extrinsic n = 1 electrons to Beo acceptors near 
the well centre and interfaces was observed. A complicated behaviour, as a function of 
the external voltage, of the intrinsic and extrinsic recombination intensities was found. 
The extrinsic PL was enhanced at intermediate voltages, but at their highest field the 
intrinsic PL again dominated the spectra. No significant Stark shifts were observed in this 
case. 

The effects of an electric field on the electronic states of QW have also been inves- 
tigated theoretically by several authors [ 5 ,  17-19]. Austin and Jaros [20] extended 
previous calculations to consider the effects on lifetimes and spectroscopic lineshapes, 
They proposed an additional mechanism for the quenching of the PL, based on the 
broadening of the eigen-states into resonances and the corresponding decrease in the 
k = 0 component of the wavefunctions. The dissociation of excitons in QW has also been 
calculated [21], and found to be important only for wide wells. 

The underlying motivation of these experimental and theoretical efforts is largely 
based on the possible use of the above-described effects to build new electro-optical 
devices [22]. Indeed, some applications have already been demonstrated in optical 
modulators [23] and bi-stable devices [24]. Recently a laser diode and a waveguide 
modulator have been monolithically integrated [25]. 

In this paper we investigate the dependence on well thickness (2a)  of the Stark effect 
in GaAs/Gal _.Al,As QWS. For small fields, a second-order perturbation calculation 
predicts for the energy shift of the ground state a dependence as the fourth power of the 
well thickness [18]. The shifts are therefore expected to increased dramatically with a. 
With an increase in the well thickness, the excitonic spectra of GaAs/Gal -,Al,As 
resemble increasingly those of bulk GaAs. Therefore, provided the quality of the 
samples is good enough to provide sharp lines in the PL, the effects of the electric fields 
can be studied not only on free excitons but also on impurity-bound excitons. The rest 
of the paper is organised as follows. The experimental details are presented in Q 2. A 
brief description of the methods used here to calculate the eigenvalues and eigen-states 
in a QW in the presence of a longitudinal electric field is given in Q3. Section 4 deals with 
the experimental results, and their comparison with the calculations. Finally a discussion 
is presented in 0 5. 

2. Experiment 

The samples used in our study were grown by molecular beam epitaxy on (100)-oriented 
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n+-GaAs substrates. The results for three different samples with well thicknesses of 
130 8, (sample A),  160 8, (sample B) and 230 8, (sample C) will be presented. In each 
sample, a Ga0,65A10,35A~ underlayer, with thickness ranging from 90 to 200 nm, was 
grown on the substrate, followed by five periods of alternate GaAs and Gao,65Alo,35As 
layers, with a barrier thickness of 25 nm. Finally, the heterostructures were capped by 
a 110 nm Gao.65A10.35As layer. All the epitaxial materials were undoped except the first 
50 nm of the Gao,65Alo,3sAs underlayer adjacent to the substrate, which were doped with 
Si. 

An electric field perpendicular to the interfaces was applied via a semi-transparent 
Schottky contact formed by evaporating a Ni film on the cladding layer. The film 
consisted of two overlapping rectangular areas (‘1 x 2 mm’) of -100 nm and -10 nm 
thickness, respectively. The electrode covered only two-thirds of the total sample area, 
so measurements could be made by focusing the laser spot either on or off the electrode 
contact. A comparison, for these two situations, of the energy position and lineshape of 
the PL peaks provided an estimate of the flat-band condition, which corresponded to 
external voltages of 1.1,0.8 and 1.02 V for samples A,  B and C, respectively. This was 
confirmed from the small decrease in intensity and the red-shift of the PL with a further 
increase of the external bias, beyond the values of the built-in voltages. 

The samples were mounted on TO5 headers and kept in a He-gas phase at 5 K in a 
variable-temperature cryostat. The QW luminescence was excited either, indirectly, with 
the 5145 A line of an Ar+ laser, above the G~.65Alo.3sAs band-gap edge, or, selectively, 
with the 6471 8, line of a Kr+ laser. The beam was focused on the thin area of the 
electrode on a spot 400 pm in diameter, keeping the excitation power low (ranging from 
50 pW to 1mW) to avoid excessive carrier generation. The PL signal was dispersed by a 
2 m Spex double monochromator and detected with a cooled-GaAs-cathode photo- 
multiplier. A comparison of the spectra off and on the electrode, with the samples for 
flat-band conditions, showed a reduction of the intensity, due to absorption in the Ni 
film, of one order of magnitude. Open-circuit voltages of around 0.7 V were measured 
under illumination with the Art  laser with a power density of 150 mW cm-’, while only 
a few mV were obtained with the Kr+ laser under the same conditions. These small 
voltages indicate the nearly perfect confinement of the photo-excited carriers in the QW, 
when they are excited below the G~ .65A10 .35A~ band gap. 

3. Theory 

We will consider the case of an isolated QW in the presence of an external longitudinal 
electric field, using the effective-mass approximation and ignoring excitonic effects. The 
field-induced changes in the exciton binding energy have been discussed in the literature 
[5, 211 and should only amount, for the thickness of the samples used in the present 
work, to less than 5% of the total observedshifts [21]. We have assumed that the confined 
states remain quasi-bound for all fields, therefore ignoring field-induced broadening, 
which can contribute to the quenching of the PL [19,20]. 

For a particle of mass m* and charge e, localised in a well of width 2a and depth V,, 
the Schrodinger equation in the presence of a longitudinal electric field, F,  reads 

h2 d 2 q  
2m* dz2  ( V ,  + e F z ) q  = E q  /zI s a 



2806 L ViAa et a1 

h2 d 2 y  
2m* d z 2  e F z y  = E q  IZI > a  

where the origin is taken at the centre of the well. 
For the calculations, the following values for the electron and heavy-hole effective 

masses were used: mg(GaAs) = 0.067 mo, ~ % ( G ~ O . ~ ~ A ~ O . ~ S A S )  = 0.092 mo, 
m:(GaAs) = mg(Gao.6sA10.35AS) = 0.45 mo, where moisthefree-electronmass. A60- 
40% rule for the band discontinuity was chosen, leading to Vo@) = 267 meV and 
V o ( ~ )  = 184 meV. Two different methods were employed to solve (1) and obtain the 
ground states of electrons and heavy holes in the presence of the electric field. 

In the first approach we have generalised the matrix formalism of [26]. The potential 
drop across the QW is approximated by a series of nl  steps of width E in the well and of 
n2 steps of width 17 in the barrier. Typical used values are n ,  = 80, n2 = 50, E = 2 8, and 
q = 5 A. In this formalism the eigenvalues of (1) are obtained by solving the equation 

cos kd = 1 Tr M ( 2 )  
where k is the wave-vector in the well, d is the total thickness of well plus barrier and Tr 
represents the trace of a matrix. The matrix M can be written as 

M = AIA2. . . A,. . . A, (3) 

where m is the total number of steps used for the potential profile (m = n ,  + n2) .  Each 
of the (2  x 2)  matrices A, is obtained from the coefficients relating the continuity of the 
wavefunction and its derivative at the edges of the steps, and may be written as [26] 

\-(Y,, sin a,& cos a,& 1 

\-CY, sinh a, E cosh a, E 

with a; = 2m*(E + V,)/h*. 
For the barriers, only (46) is necessary and E should be replaced by 7. The envelope 

function approximation [27] is used to match the derivatives at the interfaces between 
GaAs and Gal -.Al,As, which implies that for the potential steps n = n l  and n = m the 
second column of the matrices A,, are to be multiplied by the ratio 

r = m*(GaAs)/m*(Gal-,Al,As) 

and r - ' ,  respectively. 
A variational calculation was also used to obtain the solutions of (1) and to compare 

the results with the method described above. To minimise the energy we used the 
following trial function [17]: 

~ ( z )  = { B sin ( k o  + 6) exp ( - P  k) IzI s a (5) 
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where /3 is the variational parameter. A ,  B and C are normalisation constants to be 
determined using the contimity of V(z) and dV(z)/m*(r) d r  at the interfaces. ko and 
go are the wave-vectors of the unperturbed ground state in the well and that in the 
barriers, respectively, and 6 is given by [27] 

6 = k o / 2  + tan-'(ko/qo). ( 6 )  

The results of both calculations will be presented in the following section. The first 
approach has the advantage that it can be applied to an arbitrary potential profile 
and the results can be obtained by an exact numerical solution [28]. The variational 
calculations, on the other hand, provide easily a wavefunction that can be used to 
compute the overlap integral between electrons and holes, given by 

Mvc = Vv(z>vJc(z) d z  

which can be compared with the integrated luminescence efficiency 

(7) 

4. Results 

Photoluminescence spectra of sample A (130 8, aw), at different bias voltages are shown 
in figure 1. These spectra were measured with the Ar+ laser, using a power density of 
150 mW cm-*. Three different structures are clearly seen at the largest voltage (1.1 V), 
corresponding to the flat-band condition, as explained above. A comparison of the 
observed peak energies with envelope function calculations [27], using the parameters 
given in § 3, allows us to identify the different structures. The highest-energy peak (0) 
corresponds to the 1 E +  1 LH exciton (E means electron and LH light hole), the high- 
energy line of the doublet (V) to the 1 E + 1 HH exciton (HH means heavy hole), and the 
lowest-energy peak (0) to a donor-bound exciton (D, X). The last assignment is based 
on the rapid decrease of this structure as the temperature is increased above about 12 K, 
its saturation as the laser power density is increased, and its energy difference with the 
free exciton (-1.2 meV), similar to the corresponding difference in bulk GaAs. 

As the external voltage is decreased (i.e., the electric field is increased) a strong 
quenching of the LH exciton is observed, so it could be followed only to -0.3 V. A 
relatively complicated behaviour of the free HH and (D, X) excitons is seen with increas- 
ing field. Down to voltages of about -0.9 V the free exciton decreases rapidly, with a 
corresponding increase of the bound exciton. The total integrated intensity remains 
roughly constant down to about -0.3 V and then decreases monotonically. For voltages 
smaller than - 1 V the free exciton dominates again over the bound exciton, as can be 
seen by comparing the spectra at -1 and -1.1 V. This behaviour is similar to that 
observed in p-doped QWS [ 111. The increasing broadening of the PL with increasing field 
prevents us from resolving the two structures for voltages smaller than -2 V, although 
both are believed to remain in the spectra, by analogy with the behaviour of similar 
samples. 

The inset in this figure shows the energy thresholds of the three excitons as a function 
of external bias, down to voltages where the free HH and (D, X) excitons could be 
resolved separately. The energy difference between these two structures remains con- 
stant for all applied voltages, indicating that the changes of the binding energies of free 
and bound excitons with electric field are the same. The LH exciton also shifts, with a 



2808 L Vitia et a1 

Wave leng 'h  ( A I  
Figure 1. Photoluminescence spectra of sample A (130 A ow) at different external bias 
voltages. Scaling factors are indicated on the LHS of the spectra (when no factor is given, x 1 
is assumed). The total applied voltage through the sample is indicated on the RHS. The free 
LH, HH and donor-bound excitons are marked with 0, 7 and 0, respectively. The spectra 
are displaced vertically for clarity. The vertical broken line depicts the energy of the bulk 
GaAs free exciton. The inset shows the energy thresholds of the three structures in the range 
of coexistence. 

similar rate to that for the HH exciton. The slightly larger shift, apparent in the figure, 
was neither observed in other samples nor in photocurrent measurements of these 
samples [29]; it may well arise from uncertainties in the assignment of the peak positions 
in this weak structure. 

Figure 2 displays the PL spectra between 0.8 and -2.5 V for sample B (QW 160 A 
thick). Similarly to the case for sample A,  three different structures can be observed for 
the flat band (0.8 V), which correspond, with decreasing energy, to the free LH (0), free 
HH (V) and (D, X) (0) excitons. The same laser line and power density as for sample A 
were used in this case. The rate of decrease of the LH exciton intensity is again much 
larger than that of the HH, and could only be traced down to 0.3 V. In this case the bound 
exciton also weakens rapidly and becomes submerged with the free-HH exciton at high 
fields, giving rise to the apparent increase in the linewidth. The inset in this figure shows 
the energy thresholds of the three excitons for voltages where all the structures could be 
resolved separately. One observes again a parallel shift, within experimental error, of 
all the excitonic structure. 

Spectra corresponding to sample C (230A QW), measured at 80mWcm-2, are 
depicted in figure 3. In this case the LH exciton, observable only at flat-band conditions 
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Figure 2. Photoluminescence spectra of sample B (160 A QW) for different external voltages; 
the symbols have the same meaning as in figure 1. Peak energies. in the region where all 
structures could be resolved separately. are shown in the inset. 

('1 V), is not shown in the figure. We assign the structures at the two larger voltages to 
free HH (V) and (D, X) (0) excitons. The small shoulder seen on the low-energy side is 
due to the PL of the heavily doped GaAs substrate. A decrease of the external voltage 
reduces the free-exciton peak strongly, which can be seen only as a shoulder in the 
spectrum at 0.8 V. A further decrease of the bias voltage produces a quenching of the 
(D, X) exciton but simultaneously makes resolvable a third structure (see the spectrum 
at 0.4 V). The energy difference between this new structure (m) and (D, X) is about 
1.6 meV. We tentatively assign this structure, which is the only one that remains visible 
below -0.5 V, to an acceptor-boundexciton (A,X). The energies of the three structures 
are plotted as functions of the external voltage, in the range from 1 to -0.5 V, in the 
inset of the figure. They shift parallel to each other, as in the cases of thinner wells. 

The Stark shifts of the dominant peak for the three samples are plotted in figure 4 
versus the electric field strength. The zero in the field scale corresponds to flat-band 
conditions, estimated as described previously. For the QW 130 A thick, for example, a 
small downward shift can be seen below zero field when the applied external voltage is 
beyond the flat band. The expected increasing shift with increasing well thickness, for 
the same electric field, is clearly observed in this figure. Shifts as large as 32, 60 and 
100 meV, for around 1 x lo5 V cm-', are obtained for the wells with widths 130, 160 
and 230 A, respectively. This causes the excitonic recombination to evolve below the 
bulk GaAs exciton for these relatively thick wells (the energy corresponding to the bulk 
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Figure 3. The excitonic photoluminescence of sample C (230 A ow). Free HH, and donor- 
and acceptor-bound excitons are marked with V, 0, and ., respectively. Note the large 
shift (about 100 meV) of the PL below the band gap of bulk GaAs. The inset shows the peak 
positions as a function of applied voltage, in the range of coexistence of all structures. 

GaAs exciton is indicated in the figure by a broken curve). The results of the calculations 
obtained using the parameters given in § 3 are also summarised in figure 4. The full 
curves represent the exact numerical solution obtained using the matrix formalism and 
the broken curves correspond to the variational procedure. 

Finally, the decrease of the integrated PL intensity (O), for sample B, is plotted in 
figure 5 versus electric field strength. The change of the overlap integral obtained 
from the variational calculation, is shown in this figure as a full curve. 

5. Discussion 

The results of the two kinds of calculations for the HH exciton are compared in figure 4, 
together with the experimental shifts. The curves are obtained by adding the GaAs band 
gap to the calculated energies of the electrons and holes in the wells and subtracting the 
two-dimensional exciton binding energy, which we have assumed to be independent of 
field. For this purpose, binding energies of 8 , 7  and 6 meV [30] were used for samples 
A, B and C, respectively. Using the fact that for fields where free and bound excitons 
coexist, they shift parallel to each other, we have compared, for sample C, the cal- 
culations with the shift of the (A, x) exciton (this structure was the only one resolvable 
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Figure 4. Circles: experimental free-exciton energies as a function of electric field strength 
for samples A and B. In the case of sample C (230 A) ,  the experimental points correspond 
to the acceptor-bound exciton. Full and broken curves: theoretical shift obtained with 
numerical calculations, using the matrix formalism described in the text, and variational 
results, respectively. The horizontal dotted line indicates the energy of the free exciton in 
bulk GaAs. 

at high fields). The observed energy difference between the free exciton and (A, X), 
5 meV, was in this case also subtracted from the theoretical results. 

The two calculations are in good agreement at low fields. At high fields, slightly 
smaller shifts are obtained in the variational calculation than in the numerical results. 
The largest deviation amounts, however, to only 4% at the highest experimental field. 
In both calculations the effect of the field is more pronounced for holes than for electrons 
(their relative contributions are not shown here), due to heavier effective mass and the 
lower barrier for the holes. The agreement between the theory and the experiment is 
quite satisfactory, with an uncertainty of about lo%, from the following considerations. 
The fields shown in figures 4 and 6 are averaged fields, taken as the ratio of the applied 
external voltage to the total thickness of the layers grown on the n+-GaAs substrate. 
The width of the GaAs wells can be determined with reasonable accuracy by comparing 
the exciton energies, measured without an electric field, with calculations of the electron 
and hole ground states in a finite well. The main uncertainty lies in the widths of the 
thick Gao,6sAlo,35As cladding layers. From growth parameters, the total thickness of 
Ga0.65A10,35A~, including cladding and barrier layers, is estimated to be 410 (sample A), 
290 (sample B) and 360 nm (sample C ) .  We have allowed for a 10% uncertainty in these 
thicknesses, and scaled the averaged field between these limits so as to obtain the best 
fit of the calculations to the experimental results. 
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Figure 5. The integrated photoluminescence Figure6. The increase in reverse-bias current with 
intensity versus electric field, normalised with Ar+-laser illumination (160 8, Q W ) ,  with respect 
respect to flat-band conditions, for sample B to the dark current, for several excitation powers. 
(160 8, aw). The full curve depicts the change in 1 mW was the highest power used in the PL experi- 
the overlap between electron and hole ments; the 10mW curve is shown only for 
wavefunctions. comparison. 

Field-induced quenching of the photoluminescence has been observed by several 
authors [l, 6,8,12,31]. Different mechanisms, such as decrease of the oscillator strength 
and increase of non-radiative processes, have been proposed to account for the observed 
decrease in PL efficiency. The field-induced polarisation of the electron and hole 
wavefunctions in opposite directions in the QW results in a decrease of the overlap 
integral Mt,, and thus a decrease in the oscillator strength and the PL intensity. For thin 
wells [l, 151, the magnitude of this effect was found to be too small to explain the 
observed PL quenching. Tunnelling of carriers out of the QW was assumed to be the most 
important mechanism in this case. With excitation above the Gal-,Al,As band gap, a 
large increase in the photocurrent (-500 PA), together with a strong quenching of the 
PL has been reported in [12,13] for two samples, one of them consisting of a single 50 8, 
QW, and the second containing three isolated wells of 50,75 and 100 A. They concluded 
that the PL quenching in QWS was caused by the leakage of photo-generated carriers 
through the barriers rather than by an increase of non-radiative processes or a decrease 
of the overlap between electron and hole wavefunctions. The use of thin Al,Gal -,As 
layers as barriers for the wells also enhances the tunnelling mechanism [8]. 

Recently, time-resolved photoluminescence measurements [ 161 have shown that, 
for samples where non-radiative processes are negligible, no quenching of the photo- 
luminescence is observed and an increase of the radiative lifetime with increasing electric 
field is obtained. The luminescence efficiency can be written as: 
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If the non-radiative processes are negligible (tnon-radiative much larger than rradiative), then 
an increase of the radiative lifetime will not affect the luminescence efficiency, in 
agreement with the measurements in [16]. On the other hand, experimental evidence of 
an increase in the radiative lifetime together with a decrease of the luminescence intensity 
has been found for a well 120 8, thick [31]. Calculations of the field-induced changes 
of the oscillator strength could explain the increase in the radiative lifetime and the 
luminescence quenching [16,31]. 

Our data in figures 1-3 show a quenching of the luminescence by one order of 
magnitude, therefore indicating that non-radiative channels are present in our samples. 
The contribution of Fowler-Nordheim tunnelling can be obtained from photocurrent 
measurements [12]. We show in figure 6 the increase in the photocurrent under illumi- 
nation with respect to the dark current versus applied voltage. The measurements were 
performed at 5 K under excitation with the 5145 A line of the Ar' laser. This figure can 
be compared with figure 2(a) of [12]. For the highest excitation power used in our PL 
measurements (1 mW) only a slight increase in the reverse current (5  PA) is observed 
at the largest negative-bias voltage. For comparison we also show data taken at 10 mW, 
a power one order of magnitude higher than that used for PL; even at this high level of 
excitation, the current increase amounts to only about 50pA. Similar results were 
obtained for the two other samples investigated here, thus demonstrating that for thick 
(3100 A) wells tunnelling can be ruled out as an important mechanism, at moderate 
fields, for the PLquenching. PLlifetime measurements [15,16] also indicate the existence 
of two different regimes: for thin wells a decrease of the lifetime has been measured [15, 
161, pointing to an increase of Fowler-Nordheim tunnelling, while for thick wells, the 
observed increase in PL lifetime could be understood on the basis of an increase in the 
spatial separation of electrons and holes with increasing field [16,31]. 

Our measurements do not allow us to discern between the two other possible mech- 
anisms responsible for the quenching of the luminescence. Either a decrease of the non- 
radiative recombination lifetime ( tnon.radiat,ve in (8)) or an increase in trad,ative can produce 
the observed decrease in the luminescenceefficiency. Our datain figure 5 show, however, 
a reasonable agreement between the experimental quenching of the PL and the decrease 
in the overlap integral M t ,  with increasing field (similar qualitative agreement was 
obtained for samples A and C). This agreement favours the interpretation of the decrease 
in the oscillator strength as the main mechanism for the luminescence quenching in thick 
quantum wells. At large fields, the rate of increase of charge polarisation becomes 
smaller, because the carriers are skewed into quasi-triangular wells on each side of the 
QW (note the saturation of the full curve in figure 5 ) .  The observed further quenching of 
the PL is likely to be caused by the sweeping of the carriers out of the QW. 

We believe that two different regimes have to be distinguished: for thin wells 
(2a 6100 A) the confinement energy is large; thus the effective tunnel barrier for the 
carriers is small, and Fowler-Nordheim tunnelling of the carriers out of the QW will 
probably play a dominant role in the PL quenching. On the other hand, for thick wells, 
this process becomes less probable and will not be important until very high fields are 
applied. 

With increasing QW width, the PL spectra increasingly resemble those of bulk GaAs, 
where, generally, bound excitons dominate over free excitons. The spectra, particularly 
those of sample C in figure 3, show clearly the bound-exciton recombination as the 
external voltage is decreased. The phenomenon of field-enhanced bound exciton actu- 
ally occurred even for thinner wells [9]. We attribute this enhancement again to the 
polarisation of the electron and hole wavefunctions toward the interfaces, where more 
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impurities tend to accumulate. The predicted maxima in the density of impurity states 
in the vicinity of the edges of the well [30,32] also favour this explanation. Consistent 
with this notion is the dominance of the (A, X) recombination in the PL lineshape, at 
high fields, as the shift of the holes toward the edges of the well is faster than that of the 
electrons, because of the smaller valence-band-edge discontinuity and the larger HH 
effective mass [17]. 

It is also very interesting to note that for such a wide well (230 A), almost comparable 
to the three-dimensional exciton diameter (-300 A), the electron-hole interaction 
remains strong at high fields, and excitons still exist when the Stark shift considerably 
exceeds the exciton binding energy. Evidently, even for wide wells, impact ionisation is 
not an important mechanism for the quenching of the PL. 

A faster quenching of the LH exciton relative to the HH exciton is observed in figures 
1 and 2. This is different from our calculations which predict a comparable or even a 
slightly smaller decrease in the wavefunction overlap for LH than for HH. The explanation 
may lie in additional effects, such as the decrease of the binding energy, and in the rate 
of sweep-out of the holes in the QW, both of which have been predicted to be larger for 
the LH than for the HH [21], under electric fields. 

We would like to remark that, for the three samples measured, large Stark shifts of 
the electron and hole eigen-states give rise to PL below the band gap of bulk GaAs. The 
carrier recombination is indirect in real space, as the electrons and holes are skewed in 
opposite directions and are confined in quasi-triangular wells close to the interfaces. 

Finally, we would like to comment on the occasional presence of a small non-shifting 
peak, at the photon energy corresponding to the free HH exciton at flat band. Non- 
shifting peaks, accompanying other shifting structures, have also been reported in the 
literature [13], and these have been interpreted [13] as a competition between two 
processes, intrinsic free-exciton recombination and recombination between the n = 1 
electrons and neutral acceptor centres. The shift was attributed to an enhancement of 
the extrinsic PL as the electrons and holes are skewed by the electric field toward the 
interfaces, while both intrinsic and extrinsic PL remained at the same energy. However, 
no explanation was given of the fact that only the wavefunctions were affected by the 
field without any change in the energy values. 

A close examination of our measurements showed that this non-shifting peak, con- 
stant in intensity, was caused by indirect excitation of the uncovered area of the sample, 
i.e. by scattered light reflected in the windows or somewhere else in the cryostat. This 
spurious structure was eliminated from the spectra, in our case, by careful coverage of 
the exposed area of the sample. 

6. Conclusions 

We have measured the thickness dependence of the Stark effect in wide (>lOOA) 
GaAs-Gal -,Al,As quantum wells. A large increase in the field-induced red-shifts 
with increasing thickness, as predicted by simple second-order perturbation theory 
arguments, has been found. A reasonable agreement between our calculations and the 
experimental results have been obtained, within a 10% uncertainty, due to growth 
parameter determination. For the range of well thickness used in our experiments, a 
satisfactory agreement between the observed quenching of the PL and the theoretical 
predictions of variational calculations has been obtained. The enhancement of the 
bound-exciton luminescence at high fields has been interpreted as a result of the spatial 
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separation of carriers towards the heterojunction interfaces, where more impurities 
exist. 
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