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We present an extensive study leading to a general understanding about the optical transitions involved in
the surface photovoltage (SPV) spectra of type-I quantum well (QW) structures. SPV measurements were
carried out on In3Gaj;As/GaAs QW samples with varying QW width and on Ing ;5GaAsg g5/ Al Ga;_,As QW
samples with varying aluminum content. The results are compared with experimental electroreflectance spec-
tra, absorption spectra simulated with multiband k-p computations, and theoretical calculations of the elec-
tronic states in the QWs. Thus, the transitions which induce steps in the SPV spectra are unambiguously
identified. Most remarkably, the bound electron-to-free hole transition is detected by SPV measurements. This
distinguishes the SPV method from many other optical techniques like photoluminescence and photoreflec-
tance spectroscopy that allow only the observation of bound-to-bound and free-to-free transitions. The analo-
gous free electron-to-bound hole transition does not give rise to a feature in the SPV spectra. In addition, the
bound-to-bound transitions e-hh;, e;-lh;, and e,-hh, are observed, if the respective states are confined. Also,
the free-to-free transition ce-ch is measured. We demonstrate how these transitions can typically be identified
in the spectra without any further measurements or calculations. With this knowledge, the practical band offsets
of the QW structure, i.e., the energy difference between the lowest confined states in the QW and the extended
states in the barrier, can be extracted directly from the spectra. An advantage over conventional techniques for
the determination of band offsets is that neither any additional knowledge of other QW parameters nor
simulations are necessary. As an example for the application of the SPV technique, the electronic states and
band offsets of a series of Ing3Gag;As)9gNg 0/ GaAs QWs with varying QW width are characterized. These

experiments directly show that nitrogen affects only the conduction band states.
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I. INTRODUCTION

Band offsets are an important parameter of quantum well
(QW) structures; and information about them is essential for
the design of electronic and optoelectronic devices. Experi-
mentally, however, band offsets are fairly difficult to deter-
mine. Conventional techniques rely on additional simulations
of the QW states.! In turn, such simulations require good
knowledge of other QW parameters like, e.g., the electron
and hole effective masses. In particular for novel materials,
this knowledge is not always available. For example, dilute
nitrides are at present intensively investigated both because
of their unusual and interesting fundamental properties and
their use for optoelectronic devices.Z* For these materials,
many parameters are still unknown or not fully understood.
Perhaps most eminently, the exact values of the effective
masses as well as the band alignment and the band offset
values are still the topic of debate.>*

Recently, we proposed a simple technique for the deter-
mination of band offsets which is based on surface photo-
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voltage (SPV) measurements.”® With this method, the band
offsets can be extracted directly from the spectra without the
need for additional simulations or the knowledge of other
parameters. For that report, we used a simple case to dem-
onstrate that band offsets can be determined. Here, we
present an extensive study that leads to a more general un-
derstanding of the SPV technique. In particular, we have
found more features in the spectra for different samples, and
we have unambiguously clarified which transitions they are
attributed to.

SPV spectra of a series of InGaAs-QW samples have been
compared with contactless electroreflectance measurements,
absorption spectra simulated by the multiband k-p method,
and theoretical calculations of the energy levels of the QW
structures. The distinguishing feature of our SPV technique
is the observation of a bound-to-free transition, namely,
e;-ch. The analogous transition ce-hh; does not induce a
feature in the spectra. In addition, transitions between bound
states (e,-hh,,e,-lh,,e,-hh,) are detected, depending on the
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electronic structure of the QW (i.e., number of bound states).
We illustrate how in most cases these transitions can be iden-
tified in the spectra without the help of other experimental
techniques or theoretical calculations. This enables the
simple extraction of the band offsets directly from the SPV
spectra.

Finally, our SPV method is exemplified on a series of
InGaAsN samples with varying QW width. We provide di-
rect experimental evidence that nitrogen affects only the con-
duction band states. As a consequence, the redshift caused by
nitrogen is larger for thicker QWs.

II. EXPERIMENTS AND SIMULATIONS

Three series of samples were used in this study. The first
series consists of four Ing;Gay;As single quantum well
(SQW) samples, while the second one comprises four
Ing 3Gag7As0.03Np 02 SQW samples. In each series, the SQW
thickness varies between 3 and 9 nm. For the samples of
both of these series, the SQW is embedded in the middle of
an undoped 700 nm-thick GaAs layer (barrier). The growth
temperature of the SQW was about 400 °C. The third series
is made up of five Inj 5Gaj gsAs/Al,Ga;_ As SQW samples
with the aluminum content in the barrier varying between
0% and 30%. In this case, the 9 nm-thick SQW was grown at
about 500 °C inside a symmetric n-i-p structure: n-doped
AlGaAs (150 nm)/undoped AlGaAs (50 nm)/undoped
InGaAs (9 nm)/undoped AlGaAs (50 nm)/p-doped AlGaAs
(150 nm). Data from a sample containing a 6.5 nm-thick
Ing 3Gay 7As0934Ng 016 SQW are shown as a reference at the
beginning of the discussion. This sample has the structure of
a laser; i.e., a 400 nm-thick GaAs layer is sandwiched be-
tween two 1.5 um-thick AlGaAs layers that are p and n
doped, respectively. Also, the SQW is surrounded by 5 nm-
thick GaAsgg6Ng 14 barriers. Samples were grown by solid
source molecular beam epitaxy (MBE) on n*-doped (4
X 10" cm™) GaAs (001) substrates. A radio-frequency
plasma source was employed to generate reactive nitrogen
species from Nj.

For the SPV measurements, the sample is sandwiched be-
tween a massive copper plate (ground contact) and a trans-
parent contact made by an indium tin oxide (ITO) layer. No
dc contact is needed between the sample and the electrodes
(capacitive contact). Chopped monochromatic light illumi-
nates the sample through the ITO. The photovoltage, taken
from the transparent electrode, is applied to a high imped-
ance and analyzed by a standard lock-in technique. The ca-
pacity between the surface of the sample and the ITO
couples the sample to the amplifier. By means of this ac
coupling, only temporal variations of the photovoltage across
the sample are measured. More details are described
elsewhere.”$

The photoluminescence (PL) measurements were per-
formed at temperatures between 15 and 300 K in a closed-
cycle cryostat. The samples were excited continuously by a
He-Ne laser (A=633 nm) with a power density of about
300 W/cm?. The PL was dispersed by a single 1 m mono-
chromator and detected by a nitrogen-cooled Ge detector.
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For the contactless electroreflectance (ER) measurements
we used a setup similar to that for the SPV investigations.
The sample was mounted between a copper block and an
ITO-coated glass plate. A +50 V square wave voltage with a
frequency of 339 Hz was applied to modulate the reflectance
of the sample. We used a 200 W tungsten halogen lamp
followed by a 32 cm monochromator and suitable glass fil-
ters as a tuneable light source. The light reflected from the
sample was detected by a thermoelectrically cooled ampli-
fied InGaAs photodiode and measured simultaneously by a
voltmeter and a lock-in amplifier to extract the intensity of
the reflected light and its voltage-induced change from the
signal, respectively.

For the analysis of the contactless ER measurements,
multioscillator fits assuming a Gaussian broadening have
been employed in order to extract the energetic positions of
the different transitions (oscillators) from the spectra. For the
quantum well transitions, the first derivative functional form
(FDFF) has been applied, which is the suitable line shape for
excitons in such structures. For bulk material (GaAs), the
common third derivative functional form (TDFF) has been
used.

In order to obtain theoretical support for our experimental
results, we have simulated the energy band configuration of
single quantum wells in an (Al)GaAs barrier taking into con-
sideration both the hydrostatic and the uniaxial strain includ-
ing the relevant deformation potentials. To determine the
quantized states, we have used the analytical solution of the
Schrodinger equation for a square well potential. In this way
we have calculated the ground and the excited states (e, ,hh,)
for the QWs, taking the excitonic binding energy equal to 8
meV.’

The calculation of the optical absorption as a function of
photon energy for interband transitions in a quantum well
has been performed by means of the 8 X 8 k-p theory. The
electron and hole levels and their wave functions have been
calculated by wusing the nano device simulation tool
NEXTNANO?® (Ref. 10) taking into account strain, deformation
potentials, and the coupling between the conduction and va-
lence bands. For simplicity, the exciton correction for the
energy levels was neglected. From these levels, the optical
absorption spectra have been calculated considering the non-
parabolic k-p dispersion, i.e., also the energies and wave
functions for k;# 0.

For the N-containing structures, we have employed the
band anticrossing (BAC) (Refs. 11,12) approach which was
demonstrated to be a good tool (at least for the concentra-
tions of N that we use) to describe the strong coupling be-
tween the extended conduction band states and the localized
nitrogen states that characterize the dilute nitride alloys. Also
in this case, the analytical solution of the Schrodinger equa-
tion for a square well potential has been employed to deter-
mine the quantized states.

II1. RESULTS AND DISCUSSION
A. Optical transitions detected by surface photovoltage
measurements

At first, the general principle of our method is explained
as discussed in more detail earlier.”® The SPV spectrum of
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FIG. 1. (a) SPV and d(SPV)/dE spectra for a 9 nm-thick
Iny3Gay,As SQW acquired at 300 K (line with data points and
solid line, respectively). (b) The possible optical transitions as dis-
cussed in Ref. 7: (1) e;-hh; (ground state), (2) e;-ch, (3) ce
-hh/ey-hh,, and (4) ce-ch (continuum).

an Ing;yGag;As/GaAs single quantum well sample is pre-
sented in Fig. 1(a). The SPV signal increases with increasing
energy of the incident light in four pronounced steps. The
spectrum in Fig. 1(a) is qualitatively typical for many
samples, but we will later show that the number of steps may
differ depending on the sample structure. For a low injection
of excess carriers, the SPV spectrum can be considered as an
absorption spectrum.'3 Thus, the steps therein indicate the
onset of different absorption processes occurring in the
sample. Figure 1(b) depicts the optical transitions that were
discussed in Ref. 7 as the origin of the different steps. Tran-
sition 1 is the optical transition with the lowest possible en-
ergy, which is the transition between the bound ground states
in the valence band and the conduction band of the QW
(ey-hh,). Transition 2 is the transition from the extended
state in the valence band to the bound state of the conduction
band (e;-ch). In Ref. 7, no distinction could be made be-
tween two possible origins of transition 3. As indicated in
Fig. 1(b) with dashed lines, transition 3 may take place be-
tween the bound state of the valence band and the extended
state of the conduction band (ce-hh,). However, it may also
take place between the first excited QW states (e,-hh,), i.e.,
between two bound states. Finally, transition 4 is the excita-
tion of electrons from the extended states of the valence band
to the extended states of the conduction band (ce-ch), i.e., it
is due to the absorption in the GaAs barrier.'*

By determining simply the differences between the ener-
gies corresponding to these optical transitions, as indicated
by the double arrows in Fig. 1(a), one is able to extract the
quantities AE and AE; which are related to the band offsets
by the expressions
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FIG. 2. Temperature dependence of the ground state (transition
1) and of the barrier (transition 4) of a 6.5 nm-thick
Ing3Gag 7AS) 034N 016 SQW as determined from SPV spectra (data
points with error bars). Comparison of the same quantities mea-
sured with different techniques: PL for the ground state (crosses)
and Varshni curve for the GaAs barrier (dashed line).

AEq=AEg+e,,

AE‘/:AET/'FI/ZI, (1)

where e; and h; are the first quantized state of electrons and
holes, respectively. We will call the energy quantities AEZ
and AE, “practical band offsets” (PBOs). In fact, for the
operation of a real device, only AE. and AE, are of practical
interest because they express the real carrier confinement in
the QW.

In the SPV spectrum [Fig. 1(a)], the onset of the optical
transitions is indicated by steps in intensity. For the precise
determination of the transition energies we numerically com-
puted the derivative of the SPV spectrum as a function of the
detected energy [also shown in Fig. 1(a)].!* The maxima of
the peaks of the derivative indicate the energy at which the
steps appear, i.e., the optical transitions in the structure. All
the error bars of the experimental results shown in this paper
are the full widths at half maximum (FWHM) of the peaks in
the derivative spectrum. Typically, the resulting precision of
these measurements is about 10%.

B. First and last step in the spectra

In Fig. 2 the temperature dependence of the ground state
and of the barrier of an Ing3Gag;AS)934Ng 016/ GaAs SQW
are compared as determined by different techniques. The
data points with error bars are extracted from SPV spectra
using the values of the maxima in the derivative spectra
which correspond to the steps 1 and 4. The crosses show the
photoluminescence (PL) peak positions of the same sample,
and the dashed line the GaAs band gap as a function of
temperature described by the empirical expression proposed
by Varshni.!® The good agreement between the SPV data and
the PL results for step 1 and the theoretical prediction for
step 4 confirms the interpretation of the step 1 and 4 as
described in Fig. 1(b).
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C. Third step in the spectra

As already said in Sec. III A, in the paper describing our
method,” the interpretation of step 3 was not unambiguous.
The clear distinction between e,-hh, and ce-hh, as the origin
of step 3 was prevented by the very small energy difference
between these two transitions for that sample (less than 10
meV). In the following, we will clarify with the help of dedi-
cated samples whether step 3 comes from a bound-to-free
(ce-hh;) or from a bound-to-bound transition (e,-hh,).

In order to elucidate the origin of step 3, a series of
InGaAs samples with different QW widths have been ana-
lyzed. As all the other structural parameters remained the
same, the only difference between the samples of this series
is the quantization energy of the electron and hole states in
the QW. While this influences all states, the effect is greater
on states of higher order. Moreover, for the thinner QWs
only the ground states are bound. Correspondingly, step 3
should vanish for these samples, if it is due to e,-hh,.

The SPV spectra for this series are shown in Fig. 3(a). As
expected, the transitions related to the GaAs barrier (step 4)
have always the same energy. The experimental value of
(1.42+0.01) eV is in good agreement with the value of the
band gap of GaAs at 300 K (1.425 eV). This is well illus-
trated in Fig. 3(b) where the derivative of the surface photo-
voltage spectra is shown. The ground state (transition 1)
moves toward higher energy values for decreasing well
width, since the quantization energy increases.

The position of step 3 depends also on the well width.
Passing from a width of 9 to 7 nm, it moves toward higher
energies and completely disappears for the samples with a
QW width of 5 and 3 nm. This implies that the occurrence
and the energy position of step 3 depend on the confinement
of the carriers in the QW.

InGaAs/GaAs quantum wells have been studied for many
years, and all the necessary material parameters are well
known.'® This allowed us to simulate the energy levels of the
measured In,;Gay;As/GaAs QWs with high accuracy. The
simulated energies of the transitions e;-hh; and e,-hh, at 300
K are presented in Fig. 3(c) (solid and dashed lines, respec-
tively). The calculated position of the transition ce-hh, is
also shown (dotted line). The positions of steps 1 and 3 were
extracted from the spectra in Fig. 3(b) and were also in-
cluded in Fig. 3(c) (open squares and open spheres, respec-
tively). In order to obtain a good agreement between the
simulated and the experimental data for the ground state
emission energy of the QW (e;-hh;), the conduction band
offset ratio Q=AE-/(AE-+AEy) was varied in the range of
0.6-0.7, as suggested by other groups.'®!”

We have obtained the best fit for Q-=0.65. Also, simula-
tions were carried out assuming slightly different indium
contents [In]. The best agreement was found for [In]
=32.5%.'"% As one can see in Fig. 3(c), the resulting simula-
tion of the transition e,-hh, matches the experimental points
corresponding to the transition 3. While for the 7 nm QW the
experimental value could also be explained by the transition
ce-hhy, this is clearly not the case for the 9 nm QW. Also, if
the transition ce-hh; caused a feature in the spectrum, this
should occur for the QW widths 3 and 5 nm as well, which is
not observed. All of this suggests that step 3 is due to the
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FIG. 3. (a) SPV spectra for Iny3Gay;As SQWs with different
well widths acquired at 300 K. The change of the position of tran-
sition 1 for different well widths is indicated by a solid line. The
band gap of GaAs at 300 K is indicated by a dotted vertical line.
The position of step 3 is also indicated. (b) Derivatives of the SPV
spectra as a function of the detected energy. The peaks correspond
to the steps in intensity of the SPV spectra. The first part of each
spectrum (up to 1.38 eV) has been magnified for clarity; on the
left-hand side of the curves the multiplication factors are shown. (c)
Energy values of transition 1 (squares) and step 3 (spheres) in de-
pendence of the well width. The solid and the dashed lines are the
calculated values of e|-hh| and e,-hh,, respectively. The dotted line
is the calculated value of the transition ce-hh;. The small crosses
are the results from the electroreflectance measurements.

transition between the first excited electron and heavy-hole
states.

In order to further validate this interpretation, contactless
electroreflectance measurements have been performed on the
same series of samples. In Fig. 4 the experimental data (open
circles) of the samples with the well widths of 7 nm (a) and
9 nm (b) are shown. The good agreement with the simula-
tions, shown as solid lines in the figure, allows us to accu-
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FIG. 4. Contactless electroreflectance measurements (open
circles) at 300 K of a 7 nm-thick Ing30Gag 79As (a) and a 9 nm-thick
Ing 30Gagy 79As SQW (b). The solid lines are the multi-oscillator fits
which were used to determine the energetic positions of the differ-
ent transitions in the QWs (indicated by arrows in the figure).

rately determine the energetic positions of the different opti-
cal transitions in the SQWs (marked by arrows). Theoretical
modeling was used to identify the transitions as given in the
figure. Also in this case, in order to have a good simulation,
the nominal sample parameters had to be slightly modified.
The indium content was assumed to be 32% and the value of
the QW widths was assumed to be about 3% larger than the
nominal one. In Fig. 3(c) the transitions corresponding to the
ground (e;-hh,) and to the excited states (e,-hh,) extracted
from the ER spectra are shown (small crosses). The excellent
agreement gives us further evidence that step 3 in the SPV
spectra corresponds to the transition e,-hh,.

In order to elucidate if the transition ce-hh; could give
rise to a step in such SPV spectra we have simulated an
absorption spectrum corresponding to the SPV spectrum
shown in Fig. 1(a). For this purpose the multiband k-p
method was employed without taking into account excitonic
effects. We have considered the 9 nm-thick InGaAs SQW
because in this case the transitions e,-hh, and ce-hh; differ
from each other by about 40 meV, as can be seen in Fig. 3(c).
This offers the possibility of a clear distinction between these
two transitions. In Fig. 5 the experimental SPV spectrum is
shown along with the simulated absorption spectra for light
propagation perpendicular to the QW along the z direction
(solid line) and in the QW plane with perpendicular electric
field polarization (dashed line). The calculated spectrum (x
polarized) fits our experimental data quite well, which con-
firms the validity of our method and the conclusions regard-
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FIG. 5. SPV spectrum for a 9 nm-thick Iny;Gay;,As SQW ac-
quired at 300 K (line with data points) compared with calculated
(using k-p method) InGaAs absorption spectra for light propaga-
tion perpendicular to (solid line) and in the QW plane with perpen-
dicular E-field polarization (dashed line).

ing the nature of step 3. In both the experimental and simu-
lated spectra the transition from the bound state of the
valence band to the extended state of the conduction band is
absent. In the region of the spectrum where the transition
ce-hh, would be expected [about 1.30 eV, see Fig. 3(c)] there
is no variation in intensity. In conclusion of this section, step
3 in the SPV spectra is caused by the bound-to-bound tran-
sition e,-hh,, and the bound-to-free transition ce-hh, does
not induce any step.

D. Second step in the spectra

In Ref. 7, the nature of step 2 was analyzed partly with the
help of a QW transmission spectrum for in-plane light propa-
gation and perpendicular electric field polarization. For this
geometry, only optical transitions involving light holes are
allowed. Since the transmission decreased at the position of
step 2 and since light holes were not confined in the respec-
tive QW, step 2 was associated with the transition e;-ch. An
analogous behavior can be seen in Fig. 5. The z-polarized
curve corresponds to the absorption in transverse magnetic
mode (TM) for which only transitions involving light hole
can contribute. In our structures the energy level of the light
holes lies within a few milli-electron-volts to the valence
band energy. For this reason, the onset of the absorption in
the z-polarized mode must occur in the immediate proximity
of the step attributed to e;-ch, as it is indeed the case in
Fig. 5.

All the samples investigated until now have the peculiar-
ity that the light-hole energy level is located very close to the
valence band edge of the QW barrier. Hence, step 2 in the
SPV spectra could possibly have been caused by a transition
between e; and the lightly bound level /A;. This could mean
that possibly bound-to-free transitions might not be observ-
able at all. In order to clarify this uncertainty, we have stud-
ied a series of samples for which the light hole level changes
from free to bound.

The SPV spectra of Ing;5GaggsAs/AlGa;_,As SQW
samples with 0 <x<0.3 are shown in Fig. 6(a). The deriva-
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FIG. 6. (a) SPV  spectra  for 9  nm-thick
Ing 15Gag gsAs/ Al,Ga;_ As SQWs with different aluminum content
in the barrier (0 <x<0.3) acquired at 275 K. The optical transitions
visible in the spectra are indicated with different lines as guides for
the eye: solid line (e;-hh,), dotted-dashed line (e;-lh;), dotted line
(ey-ch), and dashed line (e,-hh,). The band gap of the barrier GaAs
and of the barrier Al y75Gagg9o5As at 275 K are indicated by a
dotted vertical line. (b) Derivatives of the SPV spectra as a function
of the detected energy. The peaks correspond to the steps in inten-
sity of the SPV spectra. The first part of each spectrum has been
magnified for clarity; on the left-hand side of the curves the multi-
plication factors are shown. (c) Experimental points of the energy
transitions extracted by the SPV spectra in the function of the alu-
minum content. The solid, the dotted-dashed, the dotted, and the
dashed lines are the calculated values of the transitions e;-hhj,
ey-lhy, ej-ch, and e,-hh,, respectively.

tives of the spectra are shown in Fig. 6(b). As expected, the
position of the step on the right-hand side of the spectrum,
which is attributed to the transition in the barrier (ce-ch),
moves to higher energies as the aluminum content in the
barrier is increased from 0% to 7.5%. For higher aluminum
contents, this step is located beyond the range of energies
accessible to our experimental setup. Most notably, the pres-
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ence of aluminum in the barrier gives rise to an additional
step (indicated by a dotted-dashed line in the figure) close to
the one related to the transition e;-hh; (solid line). Thus,
there are altogether five steps in the spectrum. It is known
that light holes are not confined for an Ing ;5Gaj gsAs/GaAs
structure.!” Adding more and more Al to the barrier, the car-
rier confinement increases and the light holes become bound.
This suggests that the additional step is related to bound light
holes, with the transition e;-/h; being the most likely candi-
date.

Again, the relevant QW states were simulated in order to
verify the nature of the different steps. The results of these
simulations are displayed in Fig. 6(c) along with the experi-
mental values for the first four steps in the spectra. The good
agreement confirms that the additional step is caused by the
transition e;-/h;.

It is important to stress here that independent of the pres-
ence of the other steps, the transition e;-ch induces a step in
the spectrum in any case. This is a fundamental feature for
our method on the basis of which one is always able to
determine the band offsets of the structure, provided that
bound-to-free transition e;-ch can be identified with one of
the steps in the spectrum. This will be discussed in more
detail in Sec. IIT F.

E. Refined interpretation of the surface photovoltage spectra

We have shown that our SPV spectra are characterized by
different steps which correspond to different optical transi-
tions in the QW. We have recognized these transitions as
bound-to-bound
(ey-hh,,e;-lh,,e,-hh,), bound-to-free (e,-ch), and free-to-
free transitions (ce-ch). This is well described by the spec-
trum of the sample with [Al]=7.5% in the barrier which
contains all the mentioned transitions above [see Fig. 7(a)].
These optical transitions are indicated in Fig. 7(b). Passing
from low to higher energies, the first step (1) is clearly asso-
ciated to the absorption of the ground state (e-kh;). The last
one (5) is, without doubt, related to the absorption in the
barrier. We have demonstrated that between these two steps
the transition from the extended state of the valence band to
the bound state in the conduction band (e;-ch) (3) can al-
ways be detected. The observation of this bound-to-free tran-
sition distinguishes our SPV method from many other tech-
niques like PL or photoreflectance (PR) and enables the easy
determination of band offsets, as will be discussed in more
detail later. Depending on the sample structure, the bound-
to-bound transitions e;-lh; (2) and e,-hh, (4) generate steps
in the SPV spectrum. Further bound-to-bound transitions
could also generate steps if the QW contains more bound
states.

In our spectra we have not seen bound-to-free transitions
other than e;-ch. Transitions involving the conduction ex-
tended states and valence confined states (e.g., ce-hh,, ce
-lhy, ce-hh,) do not seem to generate any step in the SPV
spectra, at least with our sensitivity and resolution. This sug-
gests that these transitions are very weak. The above finding
is in accord with a previous report. Ksendzov et al.,'” em-
ploying polarization-modulated absorption measurements for
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FIG. 7. (a) SPV and d(SPV)/dE spectra for a 9 nm-thick
Ing 15Gag gsAs/ Al g75Gag 9psAs SQW acquired at 275 K. (b) Sche-
matic drawing of the optical transitions visible in the spectrum: (1)
ej-hhy, (2) ei-lhy, (3) e;-ch, (4) ey-hh,, and (5) ce-ch (continuum).

an Inj,5Gaj,5As/GaAs SQW structure, have shown a strong
difference in intensity between the bound-to-free transitions
involving the confined electrons or the confined holes states.
In particular, in their absorption spectra only the e,-ch tran-
sition generates a clear step in intensity. Although they do
not give any explanation for that, they found that the geom-
etry of the structures can influence the step intensity. In a
calculation, they demonstrated that increasing the number of
the wells in the sample one is able to improve the steplike
feature in an absorption spectrum derived from a bound-to-
free transition and, in this way, improve the intensity of the
weakest transitions. Further investigations are necessary in
order to verify this point.

F. Determination of the band offsets

Band offsets of a QW structure are not simple to measure.
The majorities of the electronic and optical methods are in-
direct and, in order to give reasonable results, need the sup-
port of simulations.! For such simulations it is necessary to
know accurately the parameters of the structures. This is not
always possible, especially for some particular materials like
the dilute nitrides for which many fundamental parameters
still remain unknown.

The main advantage of our method is the possibility to
determine the value of the band offsets (in first approxima-
tion considering the practical band offsets) of a QW structure
simply by analyzing a SPV spectrum. The basis of this pos-
sibility is the fact that, in contrast to most other techniques
like PL, excitation photoluminescence (PLE) and PR, a
bound-to-free transition induces a clear feature in the SPV
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FIG. 8. SPV spectra of a 7 nm-thick Inj3Gaj;As/GaAs SQW
sample and a 9 nm-thick Ing;5GaggsAs/Aljy5GaggsAs SQW
sample taken at 300 K. The transitions e;-hh; and e;-lh; show
excitonic features. This helps to identify the position of the step
ej-ch. Note that the two spectra are shifted in energy by 100 meV
from each other.

spectra. The only difficulty consists in the exact identifica-
tion of the steps in the spectrum without employing any type
of simulation or calculation to determine the energy states of
the structure. In particular, the identification of the transitions
related to the ground state and to the barrier as well as of the
bound-to-free transition e;-ch is fundamental for the deter-
mination of the band offsets. The former two transitions are
easily found as the first and last steps in the spectrum. Thus,
the crucial point is to identify the transition from the electron
bound state to the extended valence state (e,-ch).

We have seen that for QW structures with AE->AEy,
with a well width less than 10 nm and with a type I band
configuration, e;-ch is the first step at energies above the step
corresponding to the transition e,-ih; (Fig. 3). However, if
the light hole levels are bound in the QW, this rule does not
apply any more because in this situation a step corresponding
to the transition e;-/h; appears between the steps related to
the transitions e,-hh, and e,-ch, respectively (Fig. 6). In this
case, however, the excitonic enhancement characteristic
for the two ground states can be used as the discerning
element. An example is shown in Fig. 8 in which the SPV
spectra of an Ing3Gag;As/GaAs SQW and of an
Ing 15Gag gsAs/ Al 15Gag gsAs SQW are compared. The exci-
tonic features of the ground states e;-hh; and e;-lh; are
clearly visible in the spectra. Therefore a guiding rule could
be that e;-ch is associated with the first step at energies
above the ground state without excitonic enhancement.

In an unknown sample with arbitrary type I band offsets
and unknown well width, SPV measurements alone cannot
be used unambiguously to identify the nature of all the steps
present in the spectra. In this case, additional optical inves-
tigations (e.g., PLE or ER) are necessary in order to identify
the bound-to-bound transitions characteristic for that struc-
ture and to recognize in the SPV spectrum the transition e,
-ch required to calculate the practical band offsets.

Once the bound-to-free transition e;-ch is identified, the
practical band offsets AET, and AEZ can easily be extracted

155324-7



MASSIMO GALLUPPI et al.

400
é‘soo
g E
5200 ) Q
2 - "
w 100 I.. _::-—‘E --------- e é
gk .
0 L L . l ‘ |

3 4 5 6 7 8 9
QW width (nm)

FIG. 9. Experimental values of the practical band offsets AE;:
and AET, extracted from the SPV spectra of Inj3Gaj,As SQWs as a
function of the well width. The dashed lines are the theoretical
simulations of the same quantities.

from the SPV spectra simply by determining the differences
between the energetic positions of the steps related to the
transitions e;-hh; and e;-ch, and e;-ch and ce-ch, respec-
tively [see Fig. 1(a)]. In the InGaAs/GaAs SQW thickness
series (Fig. 3) for example, these transitions correspond to
the steps 1, 2, and 4. This is not the case for the
InGaAs/AlGaAs [Al] series (Fig. 6), for which the detection
of the transition ce-ch was in most cases prevented by the
limitations of our experimental setup: only signals up to 1.55
eV could be detected.

As shown in Fig. 2, SPV measurements can be taken at
different temperatures, thus in principle, it is possible to
study the evolution of the band offsets with temperature. On
the other hand, as described in Ref. 7, the SPV intensity of
the different steps varies with temperature. In particular, it
strongly decreases with decreasing 7, making the band off-
sets determination extremely complicated and in some cases
impossible to realize. A detailed analysis of applying the
SPV technique at different temperatures is beyond the scope
of this work.

From the derivatives of the SPV spectra in Fig. 3(b), we
have extracted the practical band offsets of the
InGaAs/GaAs series and we have plotted them, as a function
of the well width, in Fig. 9. The experimental data points
show an increase of both AE. and AE,, with increasing well
width. Since the band offsets remain unchanged, this in-
crease is due only to the decrease in energy of the values of
the first quantized state for electrons and holes. Using again
the value of Q-=0.65 and the other structural parameters
described above, the PBOs were simulated (dashed lines in
Fig. 9). The very good agreement between the experimental
data and the simulations confirms that what we can extract
from the surface photovoltage spectra is exactly the energy
difference between the conduction (valence) band offset and
the first quantized energy state of electrons (holes).

G. Comparison with other techniques

It is well known that the energy dependence of the density
of states of a QW leads to a staircaselike absorption spectrum
for the transitions between confined states.”’ However, little
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attention has been paid to the effects of transitions between
confined and extended states on the absorption spectra. Dif-
ferent groups,'®?! employing different experimental tech-
niques (PLE, PR), have shown the possibility to detect
bound-to-free transitions. The majority of the experiments
were performed on multiquantum well structures and it was
shown that the contribution of these transitions was small
compared to the contribution of the transitions between con-
fined states. It should be noted here that the use of multi-QW
samples is not always possible due to strain considerations.
In one case for a SQW sample,!” however, employing
polarization-modulated absorption measurements, it was
shown that bound-to-free transitions have the same strength
and produce the same steplike absorption features as bound-
to-bound transitions, at least for the transition e;-ch. Never-
theless in this reference, the data in the spectra were reliable
only up to the energy position of the first excited state. At
that point, in fact, the strong absorption in the substrate pre-
vented the possibility to detect other transitions inside the
SQW.

In contrast to this, SPV has the advantage to allow the
detection of all bound-to-bound transitions and also of
bound electron-to-free hole transitions, with high sensitivity
even in single quantum well samples. Bound-to-bound tran-
sitions must be intended here between subbands of the same
order (e.g., e;-hhy, e;-lh;, ey-hh,,...,). Transitions between
subbands of different order (e.g., e;-hh,, e5-hhs,...,) do not
generate any step in our SPV spectra.

Compared to photoluminescence spectroscopy that gives
clear information only about the first quantum transition (the
excited states can be detected only with a large excitation
power density), SPV spectra easily resolve transitions be-
tween excited states in the QW. Further advantages of our
measurement technique are the simple experimental setup
compared to other optical measurement techniques like PLE
and the fact that the samples must not be subject to special
treatments (e.g., thinning process for some cases in the trans-
mission spectroscopy). Moreover, the simple structure of the
samples employed in our measurements allows the simula-
tion of the energy levels in the QW with high accuracy.

Our results show that simply by employing SPV it is pos-
sible to obtain comprehensive information about SQWs
which otherwise could be achieved only by combining dif-
ferent optical techniques and theoretical calculations.

H. Effect of N on the band structure of InGaAs

With our results we have shown that from the SPV spec-
trum, the transitions between the ground and the excited
states in the QW and the practical band offsets can be ex-
tracted at the same time. Thus, by measuring the SPV spectra
of a small series of samples the influence of different QW
parameters on both the conduction and valence band states
can be studied. This will be exemplified in the following.
Another application of the SPV technique can be found in a
recent work in which the influence of the nitrogen and in-
dium content on the band offsets of InGaAsN/GaAs SQW
samples has been described.??

SPV measurements were performed on a series of
InGaAsN/GaAs SQW samples with different well width.
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FIG. 10. (a) SPV spectra for Iny3Gag7As(09sNgo2 SQWs with
different well widths acquired at 300 K. The different positions of
transition 1 for different well widths are indicated by a solid line.
The fixed position of the barrier (GaAs) is indicated with a dotted
vertical line. The presence of step 3 is also indicated. (b) Deriva-
tives of the SPV spectra as a function of the detected energy. The
peaks correspond to the steps in intensity of the SPV spectra. The
first part of each spectrum (up to 1.30 eV) has been magnified for
clarity; on the left-hand side of the curves the multiplication factors
are shown. (c) Energy values of transitions 1 (squares) and 3
(spheres) in dependence of the well width. The solid and the dashed
lines are the calculated values of e-hh, and e,-hh,, respectively.

The spectra are shown in Fig. 10(a). The derivatives of these
spectra make the identification of the different steps easier
and are shown in Fig. 10(b). The SPV spectra of InGaAsN
exhibit an increased noise level compared to the analogous
spectra of InGaAs in Fig. 3(a). This finding is attributed to
the reduced crystal quality. Also, in the GaAs absorption re-
gion above 1.38 eV the 7 and 9 nm-thick samples show an
unusual behavior. At the moment, we do not have a clear
explanation for this phenomenon but similar spectra have
been reported before.”® As for the InGaAs/GaAs samples,
the ground state energy value (transition 1) increases with
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FIG. 11. Experimental values of the practical band offsets AEZ
and AEC extracted from the SPV spectra of Ing3Gag7Asy 09N
SQWs as a function of the well width. The dashed lines are the
theoretical simulations of the same quantities. In the inset the influ-
ence of the well width on the structure of the electron states of
Ing3Gag;As and Ing3Gag7As) g9sNogr SQWs is shown. For illus-
trative purposes, the bottoms of the QWs are aligned. In reality, the
energetic level of the GaAs barrier is the same for all the QWs.

decreasing well width and the transition corresponding to the
barrier has the same value for all the samples. The energy
position of step 3, that was extensively discussed for the
series of InGaAs samples and that is attributed to the transi-
tion e,-hh,, varies with the well width here as well. In this
case, however, it is possible to detect this transition also for
the sample having a well width of 5 nm. Since the presence
of nitrogen reduces the band gap energy of the QW com-
pared to InGaAs, thus increasing the carrier confinement, it
is reasonable that bound excited states occur for smaller well
widths.

The energetic positions of the steps (1) and (3) are de-
picted in Fig. 10(c) versus the QW width and are marked
with open squares and open spheres, respectively. The com-
parison of Figs. 3(c) and 10(c) reveals the influence of nitro-
gen on the energetic states in the QW. The incorporation of
2% of nitrogen into InGaAs generates a redshift of the tran-
sition of the confined QW states e-hh; of about 200 meV. In
particular, passing from the 3 to 9 nm-thick samples, the
redshift increases from 185 to about 215 meV, showing thus
a dependence on the QW width. The excited states, corre-
sponding to the transition e,-hh,, show the same trend. The
influence of the well width will be explained below. The
average redshift of roughly 200 meV is in line with other
studies that state an energy gap reduction rate of about 100
meV per percent of nitrogen.>!!

The values of the conduction and valence practical band
offsets were extracted from the SPV spectra depicted in Figs.
10(a) and 10(b) and are shown in detail in Fig. 11. The
comparison with Fig. 9 gives us the additional possibility to
distinguish between the effect of nitrogen on the conduction
and on the valence band. While the valence practical band
offsets assume almost the same values in both series of
samples (between 75 and 110 meV for well widths between
3 and 9 nm), the values of AE. for the InGaAsN samples are
remarkably greater than the AE; values for the N-free
samples. This is direct experimental evidence that in In-
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GaAsN alloys nitrogen affects mostly the electronic structure
of the conduction band states and leaves the valence band
states nearly unaltered. This conclusion is in accord with
theoretical models about the influence of N on the band
structure of InGaAsN alloys.!!?* A close inspection of Figs.
9 and 11 reveals for InGaAsN a slight decrease in the values
of the valence practical band offset for the same well width.
This is attributed to the reduction in strain by the incorpora-
tion of nitrogen. Thereby, the splitting of the two hole sub-
bands is decreased and, hence, the PBO as well.

The comparison of the two QW width series yields an-
other interesting result that has been mentioned already
above. Apparently, the variation of e;-hh; with the well
width is significantly stronger for the nitrogen-containing
samples. Passing from 3 to 9 nm-thick QWs, the change of
e,-hh, is about 125 meV in the case of InGaAs but about 155
meV for InGaAsN, as can be seen from the comparison of
the experimental data in Figs. 3(c) and 10(c). In other words,
the redshift induced by the incorporation of N depends on
the well width. The comparison of Fig. 9 and 11 shows that
the origin of this phenomenon must be related to the conduc-
tion band states. The presence of nitrogen in the InGaAsN
samples increases the conduction band offset remarkably.
This leads to an enhancement of the quantum well confining
potential, whose influence on the confined states depends on
the width of the QW. The evolution of the electron quantized
states for the two extreme well widths is illustrated in the
inset of Fig. 11 for both InGaAs and InGaAsN. Since we
have shown that nitrogen influences mostly the conduction
band, we discuss here only the case of the electron states.
While for the 3 nm-thick QW the incorporation of 2% of
nitrogen produces an increase of the energy value of the
quantized state e; of about 40%, for the 9 nm-thick QW e,
remains almost unchanged. This means that, although the
change in the conduction band offset is the same, the in-
crease of the practical band offset is stronger for the samples
with a wider QW. For the 3 nm-thick QW sample the value
of AEZ increases by about 175 meV, while for the 9 nm-thick
QW sample the same quantity increases by about 230 meV.

Properties like that are of great interest for the design of
quantum well devices. For the high-temperature performance
of a quantum well laser, for example, a large practical band
offset is desirable. At the same time, the degradation of In-
GaAsN with increasing nitrogen content suggests that as
long wavelengths as possible should be reached with as little
nitrogen as possible. Both findings imply the use of thick
QWs. However, these results need to be balanced with strain
considerations and the dependence of gain on the QW width.

In addition to the extraction of PBOs directly from the
SPV spectra, we have again simulated the QW states and
PBOs. The comparison of the experimental data and simula-
tion enables us to determine indirectly important material
parameters of dilute nitrides. This will be explained in the
following.

Due to the highly localized nature of the perturbation in-
troduced by the N atoms, it is not possible to use the same
theoretical methods as for the N-free structures in order to
predict the energy levels. For this reason the band anticross-
ing model'! was employed for our calculations. This model
consists of two interacting energy levels, one at the energy
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E), associated with the extended conduction band edge states
of the (In)GaAs matrix, and the other one at energy Ey as-
sociated with the localized N impurity states. The interaction
between the_se two levels is described by a matrix element
Vuu=Caar\y, where Cy,, is the band interaction parameter
and y is the nitrogen concentration. This interaction leads to
a characteristic splitting of the conduction band into two
nonparabolic subbands. For k=0, the energies of the sub-
bands for InGaAsN QW structures can be expressed as

E.(In,Ga;_,As;_,N)

_ Ey(@) + Ey 2 \[Ey(x) = E\P +4V3,(x.y)
_ ; .

2)
In addition, the electron effective mass can be approximated
g2
Ey—-Ey
V(Ey — Ey)* + AV

1 1

3)

*
m, 2my

where m,, is the effective mass of the InGaAs ternary com-
pound (E,, band near k=0). Taking into account the indium
dependence of the nitrogen impurity level, we have em-
ployed the following expression to calculate Ey:*

En(x) = 1.65(1 — x) + 1.44x — 0.38x(1 — x). (4)

As in the case of the N-free samples, the calculations of the
energy levels in the InGaAsN samples were performed as-
suming [In]=32.5%. In this way it is possible to calculate the
band gap of the quaternary material and then, by solving the
Schrodinger equation for a square well potential, the quan-
tized states in the QW.

In Fig. 10(c), the simulations of e;-hh, and e,-hh, are
shown (solid and dashed lines, respectively). For the ground
states, experimental data and simulation are in agreement.
However, for the transition e,-hh, the agreement is not as
good, in particular at the smallest well width of 5 nm. This
effect can be explained by the strongly nonparabolic disper-
sion of the InGaAsN conduction band, which was not con-
sidered in our calculations of the confined states. This non-
parabolicity affects mostly the quantization energies for the
conduction band states with high values of the wave vector k
(e.g., excited conduction band states).

In Fig. 11 the theoretical simulations of the practical band
offsets for the InGaAsN samples are shown (dashed lines).
Also in this case, there is a good agreement between the
simulations and the experimental data. For these calcula-
tions, we have slightly varied the conduction band offset
ratio around the value of 80% which is the value that several
groups”’?8 reported for InGaAsN SQWs with an indium con-
tent of about 30% and a low nitrogen concentration
(<2%). We have obtained good results for Q-=0.82. Taking
also Cyy, as an adjustable parameter in our calculations, we
have achieved a good agreement between simulation and ex-
perimental data for Cy,;,=2.36 eV. In the literature it is pos-
sible to find different energy values between 1.35 and 3.2 eV
(Ref. 29) for the parameter Cyy, in In,Ga,_,As;_ N, struc-
tures. Our Cy,, is consistent with values reported by the ma-
jority of the groups'>3%3! which believe that in InGaAsN
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structures Cy,, assumes a value smaller than 2.7 eV, which is
the accepted value for In-free GaAs,;_,N, structures.?

Finally, employing Eq. (3), the value of m:=0.063 my was
found for the electron effective mass. While this value
is consistent with the calculated results presented by Heroux
et al. (Ing;5GaggsAs,N_, SQWs),!? it seems to be slightly
below the experimental values reported by other
groups.228:3

IV. CONCLUSIONS

In order to generalize the understanding of the number
and the kind of optical transitions that can be detected by
surface photovoltage measurements in type I QW structures,
we carried out an extensive study on specially designed
samples. As a well-understood reference, we used
InGaAs/(Al)GaAs SQWs in which the thickness of the
SQWs and the aluminum content in the barrier were system-
atically varied to modify the confinement of the electron and
the hole states. SPV spectra of SQW samples with suitable
structure are characterized by several steps in intensity that
indicate the energies of different optical transitions. For the
unambiguous identification of these transitions, we have
compared the SPV results with experimental electroreflec-
tance spectra, absorption spectra simulated with multiband
k-p computations, and theoretical calculations of the elec-
tronic states in the SQWs.

Most importantly, a bound-to-free transition, namely,
e-ch, can be measured with the SPV technique. A step in the
spectra corresponding to the analogous transition ce-hh; is
not found. In addition, the bound-to-bound transitions
e-hhy, e|-lhy, e,-hh, are observed, if the respective states
are confined in the QW. Also, the free-to-free transition ce
-ch (absorption in the barrier) is detected. The simultaneous
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observation of both the bound-to-free transition e;-ch, the
bound-to-bound transition e-hh;, and the free-to-free transi-
tion ce-ch enables the direct determination of practical band
offsets from the SPV spectra. (The practical band offsets
differ from the conventional band offsets by the quantization
energies of the ground states.) We have illustrated how these
transitions can in most cases be identified in the SPV spectra
without the need for additional experiments or simulations.

Compared to many other optical techniques (e.g., photo-
luminescence, photoluminescence excitation, photoreflec-
tance spectroscopy), the SPV method stands out by allowing
the simultaneous measurement of a greater variety of transi-
tions, and in particular of a bound-to-free one. An important
advantage over conventional ways to determine band offsets
is that neither the knowledge of other QW parameters nor
complementing simulations are necessary. In contrast to ab-
sorption spectroscopy, the sensitivity of the SPV technique is
so high that even single quantum well samples can be easily
characterized. At the same time, the experimental setup for
SPV measurements is fairly simple. Therefore, the SPV
method studied in this report is an extremely versatile and
useful technique to characterize the electronic structure of
QW samples.

To illustrate the usefulness of our SPV technique, we have
presented the study of the influence of nitrogen on the elec-
tronic structure of InGaAs QWs. These measurements pro-
vided direct experimental evidence that nitrogen affects
mostly the conduction band states and leaves the valence
band basically unchanged. The incorporation of 2% nitrogen
modifies the conduction band offset ratio Q. from a value of
65% for Iny;Gag;As samples to a value of 82% for
Ing 3Gaj 7Asg 93N 0 samples. A consequence of the exclusive
effect on the conduction band is that the redshift induced by
the incorporation of nitrogen is larger for thicker QWs.
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