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Photocurrent (PC) spectroscopy was used to study exciton oscillator strengths in a (001)- and a
(111)-oriented GaAs/Alj 33Gag ¢;As quantum-well structure (QWS) as a function of the electric
field. In the (111) quantum well, an extremely large oscillator strength of the e,-hh, forbidden-
transition exciton was observed that was larger than that of the e,-lh, exciton, even at low electric
fields. [The notation e,-hh(lh),, represents a transition between the nth electron and the mth heavy-
(light-) hole subband.] The exciton oscillator strength ratios estimated from the PC spectra were
compared with those calculated theoretically with the exciton reduced-mass ratio used as a parame-
ter. The comparison revealed that, whereas the reduced masses of the e,-hh, and e,-hh, heavy-hole
exciton are lighter than that of the e,-lh, light-hole exciton in the (001) QWS, reflecting the mass re-
versal effect in the (001) QWS, it is not so in the (111) QWS; especially, the reduced mass of the e, -
hh, exciton was revealed to be as much as 1.5 times larger than that of the e,-lh, exciton in the (111)
QWS. This difference between the (001) and the (111) QWS is discussed, taking valence-band cou-
pling into account; it is attributed to a difference in order between the 1h, and the hh, subband, since
a strong repulsion between the two subbands is expected to give either a large or a negative in-plane

mass to the upper subband of the two.

I. INTRODUCTION

There has recently been great interest in the electronic
and optical properties of quantum-well structures
(QWS’s) in the presence of electric fields.! "' To date,
most studies of GaAs/Al,Ga,_,As QWS’s in electric
fields have concentrated on structures with the growth
axis oriented along the [001] crystal direction.' ~°

On the other hand, several striking features have been
found for QWS’s with the growth axis oriented along the
[111] direction. Hayakawa et al.!! found that in a (111)-
oriented quantum-well laser structure, the photolumines-
cence (PL) intensity at room temperature is enhanced by
more than 50 times and that the threshold current densi-
ty is reduced compared with those in (001)-oriented laser
structures. They explained these phenomena in terms of
an enhancement of the heavy-hole excitonic transitions
relative to the light-hole excitonic transitions in (111)-
oriented quantum wells. '

In our previous study'® the electric-field dependence of
excitonic transition energies in a (111) QWS was studied
by PL measurements. The energy shift (Stark shift) of
the heavy-hole exciton induced by an electric field in the
(111) QWS was found to be larger than that in a (001)
QWS having the same well width. In addition, relatively
strong emission due to the ‘““forbidden” transition be-
tween the second heavy-hole (hh,) and the first electron
(e;) states was observed. This seems also to be related to
an enhancement of the heavy-hole excitonic transitions in
(111)-oriented quantum wells.

In the present work we study the photocurrent (PC)
spectra of the (001) and the (111) QWS in the presence of
electric fields; attention was focused especially on the ex-
citon oscillator strengths. A comparison between the
peak intensity in the PC spectra and the calculated oscil-
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lator strength suggests that the reduced mass of the
heavy-hole exciton is heavier than that of the light-hole
exciton in the (111) QWS. This relation of the exciton re-
duced masses which is opposite to that in the (001) QWS
is explained by a theory in which valence-band coupling
is taken into account.

II. EXPERIMENT

Two samples were grown simultaneously by
molecular-beam epitaxy on n " -type GaAs substrates.
One sample was grown on a (001) substrate and the other
on a (111)B substrate. Details of the growth have been
described previously.!® For the purpose of the applica-
tion of electric fields perpendicular to the quantum wells,
the samples had a p-i-n structure with a superlattice em-
bedded in the middle of the i layer. In detail, the struc-
ture consisted of 0.5-um-thick Si-doped GaAs followed
by 0.3-um-thick Si-doped Al ,Ga,;_,As, 0.25-um-thick
undoped Al ,Ga,_,As, a 20-period superlattice com-
posed of alternating 10-nm GaAs wells and 15-nm
Al ,Ga,_,As barriers, 0.25-pum-thick undoped
Al,Ga,_,As, 0.3-um-thick Be-doped Al Ga,_,As, and
finally 5-nm-thick Be-doped GaAs for contact. The Al
content x of Al ,Ga,_,As was 0.33. Ohmic contacts
were formed on the top layer and on the backside of the
n* substrate.

The PC spectrum was taken with chopped light from a
tungsten lamp dispersed by a 0.25-m grating monochro-
mator, incident onto the sample surface perpendicularly.
Thus, the polarization of the incident light was parallel to
the quantum wells (xy polarized). A lock-in amplifier was
used for standard synchronous detection. Measurements
were made at 77 K. The electric field in the quantum
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wells was determined by the applied bias voltage plus the
built-in voltage (1.9 V) divided by the thickness of the i
layer (1.0 um).

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the PC spectra for the (001)
and the (111) QWS at various reverse biases. Exciton
transitions are labeled with the notation e,-hh(lh),,,
which represents the exciton associated with the nth elec-
tron and the mth heavy- (light-) hole subband at k;=0.
At k=0, the valence-band states are pure heavy- or
light-hole states in both (001) and (111) quantum wells in
the envelope-function approximation;!® it is therefore
possible to label the subbands as “heavy hole” or “light
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FIG. 1. Photocurrent spectra of (a) (001) QWS and (b) (111)
QWS at different applied voltages.

hole” according to their k=0 character. If not
specified, the e,-hh(lh),, represents the 1ls exciton
throughout the text. In our previous study,'® two peaks
of the e,-hh, and e,-lh, exciton in the (001) QWS and
three peaks of the e,-hh,, e¢,-hh,, and e,-lh; exciton in
the (111) QWS were observed in the PL spectra. The en-
ergies of these peaks in the PL spectra agree with those in
the PC spectra in the present study within 1 meV at each
bias. Moreover, in the present study, additional peaks in
the higher energy region were observed in the PC spectra,
as can be seen in Figs. 1(a) and 1(b).

Comparing Figs. 1(a) and 1(b), one can see remarkable
differences between the (001) and the (111) QWS as fol-
lows: (1) The energy intervals between the heavy-hole ex-
citons are smaller in the (111) QWS than in the (001)
QWS. As a result, the e;-hh, exciton peak appears at
lower energy than the e;-lh, exciton peak in the (111)
QWS. (2) Though the e,-hh, transition is a forbidden
transition at zero electric field, nevertheless, the exciton
peak due to it grows so large with increasing electric field
that it becomes larger than the e,-lh; exciton peak in the
(111) QWS. This is consistent with the rather strong
emission due to the e,-hh, exciton observed in our previ-
ous study.'® On the other hand, the e;-hh, exciton peak
remains small in the (001) QWS.

In Secs. III A-III C we discuss the transition energies
(in IIT A) and the oscillator strengths (in III B). In IIIC,
the exciton reduced masses estimated from the PC spec-
tra are compared with theories.

A. Transition energies

The experimental transition energies were compared
with the theoretical values. For the calculation of the en-
ergy levels in the absence of an electric field, the band-
gap discontinuity between the GaAs and Al ,Ga;_ As
was taken to be AE,(x)=1.425x —0.90x’+1.1x"> eV.!
The depth of the confining potentials for electrons and
holes, V, and V), were determined to be V,=0.63AE,
and V,=0.37AE,." Regarding boundary conditions,
current-conserving conditions were adopted. The per-
pendicular effective masses of electrons, heavy holes, and
light holes used in the calculation were

mX*=(0.0665+0.083x)m, ,
mi,[001]=(0.34+0.41x)m, ,

mip[111]1=(0.9+0.41x)m,, ,
and

m, =(0.117+0.033x)m, ,

respectively.!? (The value of mi, in GaAs wells is some-

what larger than the effective mass of light holes in bulk
GaAs, but close to mj, =0.12m, and 0.125m used by
Yamanaka et al.’> and Andrews et al.,® respectively, to
fit the experimental energy levels in quantum wells. An-
drews et al.® attributed the large value of mj; to the
effect of nonparabolicity in the light-hole band.)

For the calculation of the energy shift (Stark shift) in-
duced by an electric field, the “effective infinite-well mod-
el” developed by Miller et al.! was used. In this model
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FIG. 2. Experimental and calculated energies of the excitonic
transitions for (a) (001) QWS and (b) (111) QWS as a function of
electric field.

actual quantum wells having finite barriers are approxi-
mated by ones having infinitely high barriers and
“effective well widths.” The effective well widths are
chosen to give the correct energies of the actual quantum
wells having finite barriers in the absence of an electric
field. The Schrodinger equation for a particle in an
infinitely deep well in an electric field is solved exactly
and the resulting wave functions are Airy functions. For
the bindipg energies of excitons, a constant energy (10
meV) was assumed for all 1s excitons. The change in the
exciton binding energy induced by the electric field is
neglected, since it is smaller by an order of magnitude
than the change in the band-to-band transition energy.
The calculated results for 1s excitons are compared with
the experimental data in Fig. 2. One can see good agree-
ment between them. Thus, the 1s exciton energies and
their Stark shifts are well explained by using the different
perpendicular heavy-hole masses (0.34m and 0.9m) for
the (001) and the (111) wells, respectively.

Besides the above-mentioned 1s exciton peaks, an extra
small peak appears in the higher-energy side of the e -1h,
peak for both the (001) and the (111) QWS, as can be seen
in Figs. 1(a) and 1(b). As for the additional peak in the
(001) QWS, several published spectra®”8!* of (001)
QWS’s exhibited a similar peak in this energy range; it
was attributed to the excited states (2s and 2p) of the e,-
lh, exciton.®*!* As for peak a in Fig. 1(b), this is the first
observation of such a peak in this energy range in (111)
QWS’s. This peak may also be ascribed to the excited
states of the e,-lh, exciton, as in the case of the (001)
QWS. However, there is another possibility that peak a
may be ascribed to the excited states of the e,-hh, exciton
because not only the 1s e;-lh, exciton peak but also the 1s
e,-hh, exciton peak appears at lower energy positions
than does peak a by several meV.

B. Oscillator strengths

We next discuss the oscillator strengths of excitonic
transitions, f.,, in an electric field. Since the integrated

areas of the excitonic peaks in the PC spectra are propor-
tional to f,,, we can compare them with the theoretically

calculated f.,. The f., for ls excitons is expressed
24,15
as” "

feoc2IMEDI2E(0) (1)

where y is the in-plane reduced mass of the exciton, M/("
is the optical matrix element between the conduction and
the heavy- (light-) hole subbands at k; =0, and F(0) is the
electron-hole overlap function at k;=0. The electron-
hole overlap function can be calculated using the wave
functions 9 obtained in the “effective infinite-well model”
as

F(0)= Udz 02, (2)] . 2)

The optical matrix elements at the zone center can be es-
timated within the envelope-function approximation with
the 4 X4 Luttinger Hamiltonian in the |J,M ) basis.!> By
taking the quantization axis z of angular momenta along
the growth direction, the off-diagonal terms in the 4 X4
Luttinger Hamiltonian for both (001) and (111) quantum
wells vanish at k,=0. 3 Therefore, the hole subband
states at k;, =0 in both (001) and (111) quantum wells are
pure heavy- or light-hole states which are the eigenstates
of the z-component of angular momenta M with M =+
or =1, respectively. Hence, the ratio of the matrix ele-
ments at k. =0 is

M2/ IMA1P=1 (3)

in both (001) and (111) quantum wells for light polarized
parallel to the quantum wells (xy polarized)."?

Since all values in Eq. (1), except for y, can be calculat-
ed as above, one can estimate the value of u by compar-
ing the experimental intensity of the exciton peaks in the
PC spectra with the calculated value of f, using Eq. (1),
with p as a fitting parameter.

In Figs. 3(a) and 3(b), the relative oscillator strengths
of a heavy-hole exciton to a light-hole exciton in the (001)
QWS estimated from the experiments are compared with
those calculated using Eq. (1) with a heavy-to-light exci-
ton reduced-mass ratio, uy, /@y, as a parameter. Figure
3(a) shows the relative oscillator strength of the e,-hh,
exciton to the e-lh; exciton as a function of the electric
field; Fig. 3(b) shows that of the e,-hh, exciton to the e,-
l1h, exciton. The calculated results are indicated by solid
lines; the experimental results are indicated by closed cir-
cles with error bars. The error bars are due to the uncer-
tainty in removing background and in peak deconvolu-
tion. From Fig. 3(a) the reduced mass of the e,-hh, exci-
ton is estimated to be about 0.8 times that of the e;-lh,
exciton. Masumoto et al.!> also found that the experi-
mental oscillator strength ratio of the e;-hh, exciton to
the e,-lh; exciton in (001) GaAs/AlAs QWS’s in the ab-
sence of an electric field roughly agrees with the calculat-
ed one using py,;, /py, =0.8 for well widths narrower than
12 nm. These results concerning exciton oscillator
strengths are consistent with experimental studies con-
cerning exciton binding energies in (001) QWS’s;'® they
revealed that the exciton binding energy is larger for the



42 PHOTOCURRENT SPECTROSCOPY OF A (001)- AND A (111)-ORIENTED . .. 9543

Vo (V)
O -2 -4

T
o
o2}

1

o
N
D
()}

fOX (61-hh1)/f°x (e1-|h1)
N
(@) s
¢ g

F (10%V/cm)

Vo (V)
1 0 2 -
% - (b) 1.0
< .ef
2.4r 0.8
S L
£ 0.6
T 2k
2
all 1
0 2 4 6

F (10%v/cm)

FIG. 3. Relative oscillator strengths of (a) the e,-hh, exciton
and (b) the e;-hh, exciton to the e,-lh, exciton in the (001) QWS
as a function of the electric field. The solid lines indicate the
calculated results with uy;, /py, as a parameter. The experimen-
tal results are indicated by closed circles with error bars.

e;-lh; exciton than for the e;-hh, exciton, since a heavier
reduced mass causes a larger binding energy. These ex-
perimental results indicate the “mass-reversal effect;”!"!8
even though the heavy hole is indeed heavy along the z
axis, it is light in the well plane, and vice versa. Figure
3(b) suggests that the reduced mass of the e;-hh, exciton
is even smaller, 0.5 times that of the e,-lh, exciton.
Figures 4(a) and 4(b) show the relative oscillator
strengths of (a) the e,-hh, exciton and (b) the e,-hh, exci-
ton to the lh, exciton in the (111) QWS. From Fig. 4(a),
the reduced-mass ratio of the hh, exciton to the lh, exci-
ton is estimated at 1.1. Moreover, Fig. 4(b) indicates that
the reduced mass of the hh, exciton is 1.5 times larger
than that of the lh, exciton. In this way, the ‘“‘mass-
reversal” picture does not represent the (111) QWS case.

C. Comparison of exciton reduced masses with theories

We now compare these estimated ratios of the exciton
reduced mass with theories concerning the in-plane
effective masses of holes, since the exciton reduced mass
is given by 1/u=1/m}+1/m|qn) where miy,, is the
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FIG. 4. Relative oscillator strengths of (a) the e,-hh, exciton
and (b) the e,-hh, exciton to the e,-lh, exciton in the (111) QWS
as a function of electric field. The solid lines indicate the calcu-
lated results with u,/u, as a parameter. The experimental re-
sults are indicated by closed circles with error bars.

in-plane effective mass of a heavy (light) hole at the zone
center.

We first consider the diagonal approximation of the
Luttinger Hamiltonian as a zeroth-order approximation.
Neglecting the off-diagonal terms (i.e., valence-band cou-
pling), the Luttinger Hamiltonian gives following in-
plane masses:!7!?

miy=my/(y,+7,), m{’h=m0/(yl—'y2) (001) QWS
4)
ml,=my/(y,+v3), ml=my/(y,—y;) (111) QWS

where 7, v, and y; are the Luttinger parameters. Since
Egs. (4) give the mass-reversal picture, the diagonal ap-
proximation which neglects valence-band coupling seem-
ingly stands well for the (001) QWS and has been used to
explain the mass reversal in the exciton reduced mass in
(001) QWS’s.!>1":18 On the other hand, since the experi-
ment shows opposite results to mass reversal, it is clear
that neglecting valence-band coupling causes in the (111)
QWS serious error in the (111) QWS case.

The calculation of the in-plane hole mass which fully
takes valence-band coupling (i.e., off-diagonal terms of
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Luttinger Hamiltonian) into account can be performed
analytically if infinitely high barriers are assumed.!® This
infinite-well model seems to be a good approximation for
the hole subbands in issue, since the height of an
Alj ;3Gag ¢;As  barrier for holes, ~150 meV, is
sufficiently high compared with the energies of the hole
subbands. A further simplification with little loss of ac-
curacy is obtained by neglecting the difference between
v, and y; in the off-diagonal terms of the Luttinger Ham-
iltonian.?® As a result, the in-plane hole masses of the nth
heavy- (light-) hole subband are given by*

1 1 (—1)""'+cos(nmd™ ")
=—— |1+3 ,
mly,  Min n70 'sin(n7d")
(5)
1 1 (=" '+cos(nmh)

1+3

m phn m llh

nwOsin(nm6)
where 0= (m1, /mi;)!/?. 6 can be regarded as a parame-
ter which indicates the relative energy of the lh, subband
to heavy-hole subbands; when 6=n, the energy of the lh,
subband coincides with that of the nth heavy-hole sub-
band at k, =0. Note that the masses are independent of
the well width in this model. These analytical forms give
a good perspective on the relation in hole masses. The
calculated in-plane hole masses normalized by mj, are
plotted as a function of 8 in Fig. 5. From Fig. 5 one can
see that, whereas the in-plane mass of hh, is always posi-
tive, the in-plane mass of hh, becomes zero at 6=2 and
becomes negative (electronlike) beyond that point. As for
the light hole, one can see as follows: The in-plane mass
of 1h, becomes heavier with an increase of 8, and the lh,
subband becomes flat in the vicinity of 6=1.7. Beyond
that point, the lh, subband bends to the opposite side, up-
ward, and the curvature becomes sharper until the in-
plane mass becomes zero at 6=2. After that, the in-
plane mass of Ih; becomes positive again. Thus, while the
in-plane mass of hh; exhibits a moderate change as a
function of 8, the in-plane masses of both lh, and hh,
change drastically, depending on the relative energy of
lh, to hh,. This is due to a strong coupling between the
lh, and the hh, subband, except at k;=0. Especially,
when 0% 1.7, the strong repulsion between the two sub-
bands gives a negative mass to the upper subband of the
two.

In the (001) QWS, since mi,[001]=0.34m, and
mi, =0.117m,, result in 6=1.7, Fig. 5 indicates that the
lh, subband is almost dispersionless. Therefore, the re-
duced mass of the lh; exciton is almost equal to the elec-
tron effective mass. On the other hand, since the hh, and
the hh, subband have positive masses, the reduced masses
are lighter than the electron effective mass:
i (~mS)>ppe: > fpne- Thus, in the (001) QWS, the
mass-reversal effect in exciton reduced mass is also de-
rived from this model as well as the diagonal approxima-
tion. In the case of the (111) QWS, since
min[111]1=0.9m, and mi;, =0.117m, result in 6=2.8,
Fig. 5 indicates that ml,, >m{,; >0>m|,,, which re-
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FIG. 5. Normalized values of in-plane hole masses m | by m },
as a function of 6. 6 is defined as (m i, /m|},)'%

sults in ppp,>mS > ppn > . Namely, mass reversal
does not occur. In this way, the infinite-well model
which takes valence-band coupling into account offers
the correct order of magnitude of the exciton reduced
mass in both the (001) and the (111) QWS —that is to say,
in this model, since the upper of the two subbands (the
lh; and the hh, subband) has a huge, or even a negative
mass, due to repulsion from the lower subband, the e,-
hh, exciton has a large reduced mass in the (111) QWS in
which the hh, subband is the upper, while the e,-lh; exci-
ton has a large reduced mass in the (001) QWS in which
the 1h, subband is the upper.

IV. CONCLUSION

In conclusion, we have studied the PC spectra of a
(001) and a (111) QWS in electric fields. Between the
(001) and the (111) QWS, in spite of the same well width,
differences were observed in the exciton peak energies,
their Stark shifts, as well as the exciton oscillator
strengths. The observed differences in the exciton peak
energies and the Stark shifts could be well explained in
terms of the difference in the hole mass normal to the
well plane. An extremely large oscillator strength of the
e,-hh, exciton such that it is larger than that of the e-lh,
exciton, even at low electric fields, was observed in the
(111) QWS; the oscillator strength of the e,-hh, exciton,
however, remained small in the (001) QWS. These results
were interpreted as representing the difference in exciton
reduced mass: ;> fypg > Uhye 10 the (001) QWS and
Pini <Hpni <Hppa in the (111) QWS. These relations re-
garding exciton reduced masses were consistent with the
in-plane hole masses theoretically predicted when taking
the valence-band coupling into account.
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