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Photoreflectance (PR) measurements in doping superlattices show that the photoexcited carriers modu-
late the subband levels in a very predictable fashion. We demonstrate the utility of the PR technique for
probing details of quantum-size effects in doping superlattices.

Electroreflectance (ER) and photoreflectance (PR) are
valuable and venerable techniques for understanding inter-
band transitions in bulk semiconductors. However, detailed
line-shape analyses are difficult for bulk semiconductors be-
cause the modulation of the reflection is caused by surface
fields which are often hard to characterize.!> Recently,
there have been several applications of the ER*’ and PR®
techniques to semiconductor superlattices, or quantum-well
structures, mainly in the GaAs-Ga,_,Al,As system. Here
again, although a wealth of information can be obtained
concerning characteristic energies for the various interband
transitions, detailed line-shape analyses are complicated by a
variety of factors including the nature of the electric fields
and the presence of overlapping transitions of different
types.

The PR technique is very similar to the well-known elec-
tromodulation technique, which produces derivativelike
features in the reflectivity spectra near the vicinity of the in-
terband transitions. PR, which can easily be performed at
room temperature, can be considered as a contactless form
of electromodulation in which the modulation is produced
by the photoinjected carriers.

This paper describes the first application of the PR tech-
nique to doping superlattices, which are structures consist-
ing of alternate layers of »- and p-doped semiconductor
(so-called n-i-p-i structures).” This class of superlattices
has a tunable optical band gap, which depends on the free-
carrier concentration, and extremely long minority-carrier
lifetimes due to the spatial separation between electrons and
holes in the n and p layers. In addition to these unique
features, the n-i-p-i superlattices also exhibit quantum-size
effects similar to those observed in quantum wells. The
first observation of quantized subbands in GaAs-
Ga; - xAlAs doping superlattices was achieved by resonant
spin-flip Raman scattering (RRS).! However, with the
development of superlattices which are not based on GaAs,
RRS can become extremely difficult, due to the lack of
resonant laser lines.

Because optical modulation in the doping superlattices af-
fects the real-space modulation of the band gap and the
population of the subband levels in a very predictable
fashion,”? a detailed and semiquantitative understanding
can be obtained. The optical modulation with light of ener-
gy greater than the band-gap energy produces electrons and
holes which modulate the electric fields generated in the su-
perlattice by the spatial distribution of the dopants. This ef-
fect, in turn, modulates the position of the electronic sub-
bands in the conduction band and contributes to a modula-
tion of the reflectivity in the vicinity of these subband lev-
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els. The PR spectra permit us to identify the allowed transi-
tions between the valence band and quantized subbands of
the conduction band. The results presented below for InP
doping superlattices!? illustrate the potential of the PR tech-
nique for probing quantum confinement in these layer
structures.

Besides the initial work on GaAs doping superlattices
grown by molecular-beam epitaxy (MBE),!'"!3 InP n-i-p-i
structures have recently been fabricated using vapor-phase
epitaxial (VPE) techniques.!* We have reported the first
InP doping superlattices grown by the organometallic VPE
(OMVPE) technique.!® In the InP doping superlattices
grown by OMVPE, the peak energy and the line shape of
the photoluminescence (PL) spectra were found to depend
on the excitation intensity just as predicted theoretically.
The time decay of the luminescence contained distinct steps,
indicating the existence of subbands due to quantum-size ef-
fects.!?

The samples used in this study were made by the OMVPE
technique. Sample preparation procedures have been
described in detail elsewhere.!®!S Samples were grown at a
rate of 0.1 um/min. The n and p layers were grown for ap-
proximately 7-50 s with an interruption of the growth of ap-
proximately 30 s between layers to produce gbrupt doping
profiles. The samples consisted of six 200-A layers with
doping levels of 1x10'® and 2x10'® cm~3 for the » and p
layers. Layer thicknesses were determined from the known
growth rates.!® Doping levels were determined from the
dopant partial pressures during growth and Hall effect mea-
surements on thick layers were employed to calibrate the
dopant distribution coefficient.!® The experimental arrange-
ment of the PR technique is very similar to that described
in the literature.?> The modulation source was an argon-ion
laser, the intensity of which was modulated at 350 Hz. The
modulation intensity was varied using neutral-density filters.

Figure 1 shows the PR spectrum of an InP doping super-
lattice at 80 K using 1.2 Wcem™2 at 2.41 eV (5145 A) as the
modulation source. A corresponding spectrum at 300 K is
shown in Fig. 2. Above the bulk band gap of InP (EQ),
several PR lines are observed in both of these figures. Un-
like the case of PR in bulk semiconductors, these lines are
strongly dependent on the modulated light intensity as
shown in Fig. 3. At lower intensities the PR lines become
narrower and additional features appear (Fig. 3). These
features, which we will show are due to transitions between
the valence band (and the split-off valence band) and the
quantized subbands of the conduction band, can be calculat-
ed using known expressions for doping superlattices.” (The
weak and sharp features in Fig. 3 are due to noise.)
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FIG. 1. Low-temperature (80 K) PR spectrum at high modula-
tion intensity in an InP doping superlattice. 1530 denotes the band
gap of bulk InP. The lower trace is a calculated spectrum based on
the model described in the text.

The weak structure near and below ~ 140 eV is due to
the well-known E, transition in the bulk InP substrate.
Although the observed structure is weak, it was consistently
observed at all temperatures and for all samples at the Ej
point of bulk InP. At 77 K the laser modulation, besides
modulating the reflectivity, also excites below band-gap PL,
which at the given intensity peaked at 1.26 eV.!® The struc-
ture in Fig. 1 in AR/R at low energies ( < 1.35 eV) is due
to this PL from the doping-superlattice structure.!® Note
from Fig. 2 that at room temperature the PL is unobserv-
able and the PR lines shift to lower energy.

For the sample used in Figs. 1-3 we calculate that there
will be at most five quantized levels in the conduction band
with the existence of the fifth-level problematical because of
uncertainties in the values of the experimental parameters.
The situation is shown schematically in the inset of Fig. 3.
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FIG. 2. Room-temperature PR spectrum at high modulation in-
tensity in an InP doping superlattice.
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FIG. 3. Low-temperature (80 K) PR spectrum at low modulation
intensity in an InP doping superlattice. Iz‘g0 denotes the band gap of
bulk InP. The indices n and n® refer to transitions from, respec-
tively, the valence band and the split-off valence band to the sub-
band levels in the conduction band. The lower trace is a calculated
spectrum based on the model described in the text.

The quantity E* is the energy difference between the
valence band and the split-off valence band, and transitions
from the valence band and split-off valence band to the
subband levels of the conduction band are denoted by the
indices n and n®, respectively. (We ignore the quantized
subbands in the valence band because their splittings in InP
are an order of magnitude smaller than those of the conduc-
tion band.) The transition energies are given by’

E"=E)+E!, (M
where
4melN, |’
Er=n "2 (n4d), n=o01,. .., @)
Kom,

and where we have ignored the contribution due to sub-
bands in the valence band. In Eq. (1) E? is the band-gap
energy of bulk InP and E? is the energy of the nth subband
level with respect to the conduction-band minimum. In Eq.
(2) Np is the donor concentration, o the low-frequency
dielectric constant, and m" the conduction-band effective
mass.

Equation (2) predicts a shift in the subband levels with
doping which depends on N2 As shown in Fig. 4, this
shift is observed in the PR spectra. Superimposed in Fig. 4
are the n=1 transitions at low modulation intensity for two
samples which are equivalent, except for Np — 1x10'® and
2x10'® cm~3, respectively. The observed shift of ~ 15
meV is consistent with the predictions of Eq. (2) which
yields 19 meV for this case.

For the sample whose results are displayed in Figs. 1-3,
the appropriate parameters for Egs. (1) and (2) are
EA=0.11 eV, 2E?=46 meV, and E2=141 eV at 80 K
(1.31 eV at 300 K). The positions of the various transitions
at 80 K are shown in Fig. 3. It is not immediately apparent
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FIG. 4. Comparison of low-energy portions of room-temperature
PR spectra at ~1 mWcm™2 modulation intensity for two doping
superlattices of different doping concentrations. (a) Njp~ 1x10!8
em~3, (b) Np~2x10"® cm~3. See text for details.

that the observed spectral features in Fig. 3 are adequately
explained by the transitions as listed. For this reason we
have calculated the expected line shape using a simple
model of Lorentzian oscillators which was originally
developed for ER of excitons.!® If the transition to the nth
subband is characterized by an oscillator strength f, and oc-
curs at energy fw,, then the normalized change in the re-
flectivity due to a modulation of the nth subband energy
can be expressed as!¢

-A—Rm r -3 wz(n)—l

R "lf,lr,. T 1T 3)
where

w(n)=[—l,2—"](w—6,,), 4)

and where I',, is a broadening parameter (linewidth). We ig-
nore the contribution to the PR line shape due to any
modulation of the broadening parameter because the sub-
band energies are known to be a strong function of the light
intensity,!""13 and this effect should dominate the line
shapes in the doping superlattices. It is interesting to note
that the line shapes associated with each transition are very
similar to those observed in ER and PR of bulk semicon-
ductors in the high-field regime.!'? However, the total PR
spectrum is more complicated than ER in bulk InP because
of the contribution from several different subbands.

The oscillator strengths f, are not easily calculable, but
several general comments can be made. The matrix ele-
ments, which describe the overlap between the harmonic
oscillator states in the subbands of the conduction band
[e=**2H,(x)] and excited states in the valence band (which
can be expressed as superpositions of plane waves), involve
integrals of the form

f dxe“"z/zH,.(x)e"“ .

Because the specific values for the transition probabilities
depend on the details of the valence-band wave functions,

one may use the experimental data of Fig. 3 to investigate
details of these wave functions. For the perfectly symmetric
situation, one would expect only even harmonic oscillator
functions to contribute, which would result in the observa-
tion of every other subband. However, we observe contri-
butions to AR/R from all subband levels. This fact means
that there is an asymmetry in the modulated structure which
is sufficient to relax completely this selection rule. We be-
lieve that this situation results from an asymmetry in the
doping profile which is inherent in the growth procedure.
The experimental data suggest that the oscillator strengths
are a relatively weak function of n.

If the important wave vectors of the valence-band states
were known, one could calculate!” the ratio of the transition
probabilities to the various harmonic oscillator levels. Since
little is known concerning these excited levels in the valence
band, we have fit the spectrum in Fig. 3 with the n=0 to
four levels roughly in the ratio of 1/(n+1) and with
', =0.027. The transitions from the split-off valence band
(n®) were taken to be 0.5 of those from the valence band
(n). One should not place too much emphasis on the in-
tensities of the various transitions for this somewhat arbi-
trary choice of transition probabilities. On the other hand,
the calculated inflection points, which correspond closely to
those observed experimentally, are essentially independent
of the n dependence of the transition probabilities.

At higher light modulation intensities the energy separa-
tions between subbands decrease logarithmically.!® [Equa-
tion (2) applies only for infinitesimally small modulation in-
tensity.] Figure 1 shows the line shape calculated with
essentially the same parameters used in the low-intensity
curve of Fig. 3 but with 2E%=18 meV as the theoretical cal-
culations indicate." (The ratio of the transitions » and n®
was taken as 1:0.8 in this case.) The experimental trace is
accurately reproduced in the model calculation.

Attempts to observe PR lines in undoped, ultrahigh purity
bulk InP, as well as in »- and p-doped layers with various
doping levels, were unsuccessful. These results are not
surprising, considering the fact that the surface electric
fields in InP are well known to be small in comparison to
GaAs.!"® The null results on bulk InP also reinforce the
conclusion that the PR results in the doping superlattices
are due to modulation of the subbands of the conduction
band.

In summary, we have demonstrated the great potential of
the PR technique for studying quantum-size effects in dop-
ing superlattices. The observed PR line shapes are well ex-
plained by photomodulation of the subbands in the conduc-
tion band. More extensive studies may yield detailed infor-
mation concerning electronic wave functions, both for excit-
ed states near the valence-band maximum (in real space)
and for the quantized subbands of the conduction band.
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