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Binding energy of shaiow acceptors in In Gal — As/GaAs strained quantum wells
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The binding energy of carbon and magnesium acceptors in Ino, |2Gao.esAS/GaAS strained single
and multiple quantum wells is deduced from the analysis of low-temperature photoluminescence
spectra of several samples with various well and barrier thicknesses. The experimental values are
compared to those calculated taking into account the strain-induced valence-band splitting and
anisotropy and assuming infinite potential barriers. The binding energy E& is reduced by biaxial
compressive strain and increased by spatial confinement. As a result, E& is larger than in the un-

strained bulk material only for acceptors at the center of very narrow wells ((50 A).

Strained quantum wells or superlattices (SL's) of
several lattice mismatched semiconductors are now rou-
tinely grown. Among them, structures made of
In„Gai-, As/GaAs have been studied both for their po-
tential for devices and for their fundamental electrical and
optical properties. ' However, only intrinsic optical
properties have been studied in detail so far, although the
eff'ects of strain and confinement which determine these
properties certainly affect impurities as well. In particu-
lar, the most interesting aspect of these strained layer
structures is the possibility to adjust the valence-band
configuration by adjusting the strain. 5 ' " In this Rapid
Communication we present experimental evidence of
the effects of strain and confinement on acceptors in

Inp12GapssAs quantum wells. The analysis of photo-
luminescence spectra of a series of unintentionally doped
and magnesium-doped single-quantum-well (SQW) and
multiple-quantum-well (MQW) structures yields the vari-
ation of acceptor binding energy as a function of well
width. The experimental values are compared to those
calculated with a simple model taking into account both
strain and confinement.

All the samples were grown by low-pressure metal-
organic vapor-phase epitaxy. The sample parameters
given in Table I are nominal values deduced from mea-
surements of growth rate, composition, and doping con-
centration on thick layers. The structures were grown on
a thick GaAs buffer layer (-1.5 ttm) except for sample 7
which was grown on a thick Inp psGap 94As layer (1.5 pm).
This buffer layer has the lattice constant of the unstrained
alloy so that in the structure of sample 7 both the barriers
(GaAs) and the wells (Inp. t26apssAs) are under strain.
In all the other samples only the wells are strained. In the
undoped structures the major residual acceptor is carbon.
In the doped samples the whole buffer and structure were
doped under growth conditions such that the dopant con-
centration is slightly larger in the wells than in the barrier.
Electrochemical profiles of doped layers have provided the
carrier concentration, while secondary-ion-mass spectros-

TABLE I. Structural and electrical parameters of the sam-

ples. W and 8 are the well and barrier thickness.

Sample

1

2
3
4
5
6
7
8
9

10

No. of
periods

10
10
10
10
10
10
10
10

SQW
20

W/8
(nm)

2/10
2/10

2.5/10
3/10
5/10
5/5
5/5

7.5/1 0
7.5

10/10

Doping

p (cm ')

undoped
10"

5 x10
undo ped

10"
undoped
undoped

1017

undoped
undoped

copy (SIMS) was used to obtain a precise variation of the
Mg profile. The SIMS profile of sample 8 is shown in Fig.
1. The period of the structure is 17.5 nm with 7.5-nm
wells and 10-nm barriers. The magnesium profile follows
closely the indium one, and the Mg concentration varies
by a factor of 2 between the wells and the barriers. The
acceptor concentration is therefore slightly larger near the
center of the wells than near the edges.

The low-temperature photoluminescence spectra were
measured with samples mounted strain free in a
continuous-flow liquid-helium cryostat. The sample tem-
perature could be varied between 4.5 and 300 K. The
luminescence was excited by an argon ion laser (A, 514.5
nm) focused on the sample surface. The detection was
performed with a —,

' -m spectrometer and a cooled Sl pho-
tomultiplier with photon-counting techniques. The spec-
tral resolution was adjusted to 0.5 meV.

The spectra of two samples having the same structural
characteristics (W 2 nm) but different acceptor concen-
trations are shown in Fig. 2. Both spectra are dominated
by a strong excitonic peak (a) with a much weaker struc-
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FIG. 1. SIMS profile of a magnesium-doped sample with 10
periods of 7.5-nm wells and 10-nm barriers.
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FIG. 3. Excitation power dependence of the photolumines-
cence spectrum for a sample with 5-nm wells, 10-nm barriers,
and p = 10'~ cm

ture (b) at lower energy. The spectra of Fig. 2 and those
of Fig. 3 for a structure with wider wells (W 7.5 nm)
and higher doping levels show that the weak structure be-
comes sharper and is well defined when the laser power is
reduced or when the temperature is raised slightly in the
lightly doped samples. The saturation of this emission
with increasing laser power shows that it is not excitonic,
and since its intensity increases with p doping it involves
acceptors. Also, the peak of the emission occurs always at
an energy 10 meV or more below the confined exciton
peak, and must therefore involve electrons and acceptors
confined in the wells or very near the interface in the bar-
rier. Therefore, structure (b) is assigned to (e-A ) transi-
tions between such electrons and neutral acceptors. At
very low doping levels a contribution from donor-acceptor
recombination is possible so that the transition energies in
these samples were measured at —10 K. Slightly raising
temperature favors electron-neutral-acceptor (e-A a) over
donor-acceptor pair recombin ation s. The same kind
of (e-A p) transitions have been observed in Al„-
Ga1 —,As/GaAs quantum wells. '2'3

The effects of strain and confinement on the band struc-
ture of In, Gal —,As/GaAs quantum wells have been dis-
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F16. 2. Low-temperature photoluminescence (PL) spectra of
two structures with 2-nm wells and 10-nm barriers and different
doping levels: n=5x10' cm and p=10' cm

cussed in several instances. ' ' " The ternary layers are
always under compressive strain and thus the uppermost
valence band in the In, Ga| —,As layers is that with

mJ 2 (heavy hole in the unstrained crystal). The uni-

axial component of the strain splits the two hole bands so
that in the present samples they are separated by 40 meV
except for sample 7 (see Table I), which is grown on a
lattice-matched buffer. In this case the strain is shared
between the barriers and the wells so that the valence-
band splitting in the In„Gal, As layers is only 20 meV.
Most of the experiments published so far suggest that the
valence-band discontinuity in the In„Gai —„As/GaAs sys-
tems is about 30% of the band-gap difference. 5 ' Howev-

er, some recent experiments suggest a much larger value. s

The importance of this parameter for the analysis of our
data resides in the fact that for a small valence-band
discontinuity (&0.3~g), the mJ 2 holes are confined
in the GaAs layers, whereas when the discontinuity is
larger than the strain-induced splitting both types of holes
are confined in the ternary material. Photoreflectance
spectra of some of the present samples have been analyzed
in detail. 9 An excellent agreement between the calculated
and experimental transitions has been achieved with a
valence-band discontinuity of 0.3A&g. In the analysis of
the electron-acceptor transition energies we will therefore
use this value. A precise calculation of the binding energy
of acceptors in the wells as a function of strain and well
width requires the solution of the Luttinger Hamiltonian
including the impurity potential to which the strain Ham-
iltonian and confinement potential terms are added. A
calculation has been performed for acceptors in

Al, Gai, As/GaAs under uniaxial compressive strain, '

and the predictions of this calculation are in qualitative
agreement with the present experimental data once the
direction of strain is reversed as in In Gai As/GaAs
QW's. However, the problems encountered to correctly
describe the continuity of the wave function at the inter-
face are not solved satisfactorily yet. Therefore, at this
stage we prefer to make a simple numerical estimate of
the acceptor binding energy. The binding energy Ep of
acceptors in unstrained In Gai „As layers is smaller than
the strain-induced valence-band splitting in strained lay-
ers. We measured the values of E~ for magnesium and
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carbon acceptors in thick unstrained layers with x 0.12;
they are (27+ 1) meV and (24+ 1) meV, respectively.
Therefore, in a layer of Inp t2GapssAs strained to match
the GaAs lattice constant, E~ = 60% AFq I, where AFq I
is the splitting between the light- and heavy-hole bands at
the I" point. However, in strained layers the acceptor
binding energy E~ decreases so that in first approximation
E„'«AFI, I. Therefore, we calculate the binding energy
of acceptor states derived from the mJ 2 band in
strained In, Gat „As neglecting the effects of the mq
band.

The effect of strain on shallow impurities in bulk crys
tais has been discussed in the past. '4 With our approxi-
mation, the problem is that of a single anisotropic band
which can be treated by a variational method. The bind-
ing energy of the acceptor depends on the anisotropy fac-
tor mt/m~ where mt and m& are the mJ 2 hole
effective masses in the x (or y) and z directions, respec-
tively, the latter being the growth direction. The values of
the effective masses calculated using interpolated Lut-
tinger parameterss for x 0.12 are m t 0.084 and
m& 0.483. With these values, the binding energy of ac-
ceptors in strained layers is 11.5 meV, neglecting chemical
shifts.

The second step in the analysis is to calculate the in-
crease of binding energy due to confinement. However,
the situation is somewhat different from that of the three-
dimensional (3D) biaxially strained layer discussed above.
The approximation E~ && AI'. s t should become E~
«AFs, g, and Ah'I, , I, where AI's, I,, and A&q, I, are the
differences of energy between the 6rst two heavy-hole lev-
els and between the first heavy- and light-hole levels, re-
spectively. In very narrow wells there is only one confined
heavy-hole level but at w 100 A., for instance, &&q, q, is
only —14 meV. On the other hand, in all samples the
light holes (mg 2 ) are confined in the GaAs barriers.
Therefore, even in narrow wells where AFI, , I, is small (at
w 20 A, A&q, t, 28 meV), the two kinds of holes do not
mix because they are spatially separated and the acceptor
states are thus derived only from the mg 2 hole states.
Thus the acceptor wave function is always built from the
heavy-hole states in the well, and to that extent the one-
band approximation is still acceptable. However, this ap-
plies strictly to center well acceptors as the wave function
of the edge acceptors depends also on the light-hole states
because the overlap with these barrier states is not negligi-
ble. To study the effect of confinement, we use the
infinite-barrier approximation, ' taking as the 3D binding
energy the value of 11.5 meV calculated above with the
corresponding effective Bohr radius. This is equivalent to
considering hydrogenic acceptors with an effective mass of
0.14.

To compare these calculated acceptor binding encl'gies
to experimental data we should know the binding energy
of excitons in the wells. No reliable measurement of this
binding energy has been done so far. The binding energy
of the exciton Ea„ in the well is therefore calculated using
the same approximations as for the acceptors. ' The
effect of strain on the binding energy is much smaller for
excitons than for acceptors, since the exciton reduced
mass is dominated by that of the electron which is not

affected much by strain. However, the relative binding
energy increase due to con6nement is more important for
excitons than for acceptors, since the Bohr radius of exci-
tons is about 3 times that of acceptors. The infinite-
barrier-height model overestimates the binding-energy in-
crease, especially when the well width is smaller than the
Bohr radius, because it does not take into account the ex-
tension of the wave function in the barrier. Thus, the ex-
citon binding energies we have calculated are overestimat-
ed. Therefore, to compare the experiments and the calcu-
lations we have subtracted the binding energy of the exci-
ton from that of the acceptor, and we compare this
difference to the diff'erence between the excitonic photo-
luminescence peak and the electron-neutral-acceptor
recombination since Eq —Ea, E„—E(e-A ). E~ and
Ea are the binding energies of the acceptor and the exci-
ton, respectively, and E, and E(e-A ) are the experimen-
tal transition energies. The calculated and experimental
energy differences are plotted in Fig. 4. The error in the
experimental points is about 1 meV, except for the nar-
rower wells where the maximum of the (e-A p) structure is
less well defined. Upon increasing temperature up to
=40 K, the shift of the exciton peak to low energy is
slower as the doping level is increased. This may be attri-
buted to an increased contribution of acceptor bound exci-
tons to peak (a). However, the comparison between ex-
perimental data and theoretical estimates in Fig. 4 is not
very sensitive to the difference in the nature of the exciton
because the difference between the binding energy of free
and bound excgons (-3 meV for bulk Inp ~2Gap. ssAs), al-
though increased by confinement, still remains small.

As shown above, the concentration of magnesium ac-
ceptors is slightly larger in the wells than in the barriers.
Experimental points should therefore correspond to center
acceptors, especially for large wells. '3's However, the
contribution from recombinations with acceptors in the
barrier, although indirect in real space, could become
significant as the well width is reduced. It is therefore
possible that in the narrower wells the weak emission
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FIG. 4. Well-width dependence of the energy di6'erence be-
tween the e-A and excitonic recombinations measured on the
PL spectra. The lines are calculated for center and edge accep-
tors (see text).
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arises from acceptors on both sides of the interface. The
agreement between the experimental points and the calcu-
lated curves is good in view of the approximations made in
the present simple model. If we estimate the binding en-

ergy of excitons in the wells to increase from 6 meV for
100-A. wells to 8 meV at 20 A, the binding energy of
center acceptors deduced from the spectra increases from
18 to 28 meV. Therefore it is larger than in the un-
strained bulk only for very narrow wells in contrast with
what is observed for lattice-matched quantum wells. ' '
This is due to the effect of biaxial compressive strain
which partially offsets the effects of confinement. Howev-
er, the point corresponding to quantum wells grown on a
matched buffer (sample 7) does not agree with the calcu-
lated curve. In this sample the compression of the wells is
only 50% of that in the wells of the other samples so that
the valence-band splitting is smaller. Then the acceptor
state is not derived only from the mj 2 state but also
from the tttJ 2 state, and the acceptor binding energy is
therefore larger. A good agreement can be achieved with
the present model using an effective mass of 0.16. Trans-
port and optical experiments on several SL samples
with x =0.2 and well widths larger than 9 nm have shown

that the hole mass in the (x-y) plane is light with values
between 0.13 and 0.17. These results suggest that the cal-
culated mass of 0.084 is underestimated or that the
ms —,

' band is nonparabolic even at small-k values. This
should be taken into account in a more precise calculation
of the acceptor binding energy. Finally, recent calcula-
tion's based on the model used for AI, Ga~ —„As (Ref. 13)
predicts binding energies for acceptors in In, Ga~ —„As
quantum wells in excellent agreement with the present ex-
perimental data.

The analysis of the photoluminescence spectra of un-
doped and Mg-doped In„Gat „As/GaAs strained quan-
tum wells have shown that the binding energy of shallow
acceptors in these wells is smaller than in the unstrained
bulk ternary material, except in very narrow wells. This is
due to the presence of strain in the wells which reduce the
binding energy of acceptors because the acceptor states
are mainly derived from the trts 2 hole states which
have a small effective mass in the x-y plane.

We are thankful to W. Trzeciakowski for his interest in
this work and for many valuable comments.
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