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Electron effective mass in direct-band-gap CaAs1 P alloys
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The electron effective mass of the conduction band in direct-band-gap GaAs& P alloys (x (
0.4) is reevaluated. A direct determination of m* using the optically detected cyclotron resonance
technique is presented for the low composition values. For higher 2: values the scattering times
decrease because of alloying and it was not possible to carry out resonance experiments. Instead
the diamagnetic shifts of the shallow-donor-to-acceptor recombination lines in magnetic fields up to
12 T were investigated. Within the framework of a simple perturbation approach the corresponding
m*(x) values (0.17 ( x ( 0.44) could be deduced. The results are compared with a theoretical
estimate based on the k p theory. There is good agreement between theory and experiment, resulting
in a new x dependence of the conduction-band mass in the direct-band-gap GaAsi P alloys:
m = o.o67+ (o.o6+ o.oo3) *.

I. INTRODUCTION

The GaAsq P~ alloys have found applications in
light-emitting diodes and detectors for a long time, and
as a result the physical properties of these alloys have
been investigated in great detail. With this background,
it is remarkable that almost no data are available on such
a fundamental property as the electron effective mass in
the direct-band-gap region (x ( 0.4). Despite the fact
that numerous experimental techniques for effective-mass
determinations are available, the most frequently used
values of m' date back to those determined by the Fara-
day effect. ~ These values, quoted in standard reference
tables today, seem surprisingly high. For example, for
GaAsp sPp 2 they found2 m' = 0.11 and for GaAsp 7Pp s,
m* = 0.3, which should be compared to the value in
GaAs: m* = 0.067. Furthermore, if the m* values in
the alloys, determined by the Faraday effect, are used
to calculate the binding energies of, for instance, donors
in GaAsq P~ in the efFective-mass approximation, one
gets values around 10 —18meV binding energies, which
are much larger than those experimentally observed.

The electron effective mass can be determined in dif-
ferent ways. An indirect way is to measure g*, the
conduction-electron, spin-splitting value, either on the
donor electron-spin resonance (ESR) signal or by a di-
rect measurement of the electron-spin splitting in the
conduction band, using the conduction electron-spin res-
onance (CESR) technique. s In the case of GaAs the
small g' value (g* = —0.44) for the electrons makes a
conventional ESR measurement of the donor resonances
difficult (microwave frequency around 9GHz) since the
resonance usually falls outside the magnetic fields avail-
able in electromagnets. In the alloys the same situation
seems to occur, even though it is normally very diK-

cult to test since, often, only epitaxially grown materials
are available. CESR, using the optical pumping tech-
niques, has been applied successfully in GaAs and other
III-V semiconductors. 5 However, this technique requires
specially selected samples with a certain relationship be-
tween the radiative lifetime and the spin relaxation time.
This requirement is not easily fulfilled, and very special
samples have to be found, making the technique, in most
cases, impractical.

Conventional cyclotron resonance (CR) measurements
make it possible to determine m' directly. The potential
of this technique was beautifully demonstrated in the first
experiments in Si and Ge. The CR technique requires
doping (or light illumination) in order to produce free
carriers and large single-particle scattering times 7; in or-
der to fulfill the cyclotron resonance condition ~,~, & 1,
where u, is the cyclotron frequency. The latter crite-
rion for the observation of cyclotron resonance is not
easily met in GaAs& ~P since the single-particle relax-
ation time decreases rapidly for 2: & 0.2 due to alloy
scattering. s If, instead, the optically detected cyclotron
resonance (ODCR) technique is used, some of the disad-
vantages connected with the conventional cyclotron res-
onance technique can be avoided.

In the ODCR technique one detects cyclotron reso-
nance on the photoluminescence signal caused by exciton
or donor-acceptor recombinations. The mechanism is
that free carriers are effectively heated by microwaves or
far-infrared (FIR) photons at CR conditions. The hot
electrons can either impact-ionize the bound excitons, or
electrons, or heat the lattice. ~ In both cases the effect
on the PL signals is strong, and the CR condition can
therefore be monitored, in a very sensitive way, directly
by the PL intensity. Besides the fact that the method
requires no doping, and that thus no band-filling effects
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are observed, it is well documented that the technique
reduces the electron scattering by ionized impurities by
optically neutralizing the impurities. Increased single-
particle relaxation times (more than a factor of 10 are
reported o) lead to better w, ws values, and thereby higher
sensitivities. It should be noted, however, that alloy scat-
tering is a severe problem also in the ODCR technique.

If the above-mentioned techniques fail, the shift of the
exciton, or donor-acceptor pair, recombination lines with
magnetic field (diamagnetic shift) can be used to deter-
mine m'. This technique is fairly insensitive to the
sample quality as long as a luminescence signal is ob-
served. It is, however, an indirect technique and requires
knowledge of the physical origin of the luminescence (free
exciton, bound exciton, donor-acceptor pair, etc. ) and a
theory describing the relevant recombination process
in an applied magnetic field.

In this paper we report on measurements of m* using
the ODCR technique and the analysis of the diamagnetic
shift in magnetic fields up to 12T of the shallow donor-
acceptor recombination in GaAsi P alloys up to the
crossover from the direct to the indirect gap at x = 0.45.
The results are compared with a five-band k p calculation
in which the x dependence of the lowest- and higher-lying
conduction bands are taken into account. The result is a
dependence of m* on 2: for direct-band-gap GaAsi ~P
alloys.

II. EXPERIMENT

The GaAsi ~P samples were grown at atmo-
spheric pressure in a metal-organic vapor-phase epitaxy
(MOVPE) reactor. They were grown on both semi-
insulating and n+-conducting substrates and contain a
1-pm buffer layer followed by a strain relieving, graded
layer (0 —10@m, depending on the final composition)
and, finally a 5-pm alloy with the desired composition.
The background carrier concentration was 5 x 10 5 cm
—1 x 10~ cm, with the high value for the P-rich ma-
terial. For the determination of the composition we used
the position of the principal exciton luminescence line at
4K. The exciton line position has previously been cor-
related with an x-ray analysis using a microprobe in a
scanning electron microscope.

The experimental setup is shown schematically in
Fig. 1. The photoluminescence (PL) measurements were
performed using either a HeNe laser (632.8 nm, 3 mW) or
an Ar ion laser (514.5nm, 20mW). The laser beam was
focused by a camera lens onto a glass fiber which ended
directly on the front side of the sample, which in turn was
placed at the center of a 12-T solenoid magnet located
in a He cryostat (Cryogenic Consultant). The lumines-
cence light from the sample was collected by the same
fiber and, using the same camera lens, focused on the
entrance slit of a single, 0.22-m focal-length monochro-
mator. The spectral resolved light (2-nm resolution be-
tween 500 —900nm) was detected by a LNz-cooled Ge
detector (North-Coast). The exciting laser light was me-
chanically chopped (( 1kHz) in order to make lock-in
detection possible.

In the ODCR measurements the sample was simulta-
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I IG. 1. Sketch of the experimental setup for ODCR
(&Fra. = 118.8 pm) and magnetoluminescence in the Faraday
configuration.

neously irradiated from the back (semi-insulating GaAs
was used as substrate material) by a COz-pumped,
far-infrared laser (Edinburgh Instruments) working at
118.83 pm. The FIR light was guided by mirrors to the
sample and was amplitude-modulated by a mechanical
chopper. The FIR power was held at 10m& to avoid
heating eKects in the sample. The sample temperature
was ( 6 K in all experiments.

III. RESULTS

A. ODCR measurements

The band mass m* can be determined with high preci-
sion using cyclotron resonance if the single-particle scat-
tering time and the frequency used are such that u, ~ ) 1.
m* can then be calculated directly from B„„the posi-
tion of the resonance peak. The only uncertainty stems
from the magnetic-Beld position, an uncertainty which
is usually smaller than 1% with calibrated Hall sensors.
In this work we used the ODCR technique, which was
briefiy described in the Introduction. In order to observe
well-resolved, high-intensity CR lines it is advantageous
to work at high frequencies, i.e. , in the FIR range (70—
380@m). The experimental ODCR data were obtained
on the donor-acceptor (DA) recornbinations. Before go-
ing into detail we will briefly describe the photolumines-
cence results on which the ODCR detection is based.

In Fig. 2 we show a typical photoluminescence spec-
trum for x = 0.31. The two well-resolved peaks arise
from excitonic and donor-acceptor recombinations with
an energy separation of 26meV. Carbon has a binding
energy of 27meV in GaAs (Ref. 18) and is the dominant
acceptor in MOVPE-grown GaAsP samples. We there-
fore assume that the DA recombination involves carbon
as the acceptor.

The DA nature of the low-energy band is further sub-
stantiated by investigating the behavior under low- and
high-power excitation with the laser. In Fig. 2(b) we
note that the transition moves to lower energies when
the power is reduced by a factor of 100, whereas the ex-
citonic lines are unshifted. Distant DA pairs, which are
favored by low-power excitation, have a reduced Coulomb
interaction due to the charged donors and acceptors and
hence emit at lower energies.
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FIG. 2. The PL of GaAso. 69Po.si at (a) high and (b) low
excitation power reveals the DA nature of the low-energy
band.

We summarize our PL experiments in Fig. 3. The se-
quence exciton and DA recombination were observed for
all samples investigated. The peak positions of the exci-
tons follow the I' band, and our results are in line with
previous works. For comparison the dependence of the
X conduction band on composition is also shown. One
notes the crossover from direct to indirect band gap at
x = 0.45.

In the ODCR investigations we monitored the DA re-
combination line, which was the strongest in all sam-
ples. The changes induced on the photoluminescence by
the CR when using 118.83-p,m FIR photons are shown
in Fig. 4 for x = 0.05 and 2; = 0.17. We note that
for the higher z value the resonance line is broader, re-
flecting the severe decrease in the scattering times with
alloying. Indeed, samples with higher phosphorus com-
positions showed hardly any ODCR signals. The depen-
dence on the electron mobility at room temperature of
the compositions shows a steep decrease over one order
of magnitude for z values above 30Fo. The m* values de-
termined from the B„,positions are collected in Fig. 5.

B. Diamagnetic shift

FIG. 4. The ODCR of the samples shows clear resonances
allowing a precise determination of m'.

fields from B = 0 T to B = 12 T (diamagnetic shifts). s

Such dependence of the donor-acceptor recombination on
magnetic field shows nonlinear shifts (proportional to B~)
of the peak maxima (see Fig. 6). The shift is about 3meV
for x = 0.35. The dashed line in Fig. 6 serves only as a
guide for the eye.

The diamagnetic shift is proportional to (acB), where
ao is the Bohr radius of the defect under consideration. In
our case the contribution from the shallow acceptor is too
small to be resolved and can therefore be neglected. Con-
sequently, the diamagnetic shifts reflect the properties of
the donors only. For the very small binding energies of
the shallow donors, in the order of 6 —SmeV, we can
assume that there are no differences in the efFective mass
of the electrons located on the shallow donors and those
located in the conduction band (see below). In the hy-
drogenic model, is using first-order perturbation theory,
the diamagnetic shift is given by

LE = —R*p,

with p = hcu, /2R', where hu, is the cyclotron reso-
nance energy and R* = m'e /2h e (R* = Rom%,
where Ro is the Rydberg constant), m* is the eff'ec-

tive electron mass in units of mo, and e is the static

To extend our determination of the electron mass to
values above x = 0.17, we used the well-established con-
cept of studying the shift of the PI signals in magnetic
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FIG. 3. The PL bands of the GaAsq P samples follow

the direct-band-gap energy Fz .

FIG. 5. Values for m' in GaAsq P . Triangles mark
ODCR and crosses indicate magnetoluminescence results.
The solid line is the best linear fit m' = 0.067+0.06(+0.003)x.
The results of the k p theory with constant (dotted line) and

varying matrix elements (dashed line) are also given.
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FIG. 6. The magnetoluminescence for B = OT and B =
12 T is shown in the inset (x = 0.35); the shift of the DA line

behaves diamagnetic as sketched by the dashed parabola.

dielectric function. With u, = eB/m* one obtains
4E = 1.23 x 10 iP B2e2/m*s (eV/Ts). Taking a linear
interpolation for e = 12.53 —1.65x in the GaAsi ~P~
alloys, is and applying B = 12 T, Eq. (1) can be rewrit-
ten as

s (12.53 —1.65x)2
AE = 1.77 x 10 eV.m*3 (2)

Using Eq. (2) and the experimentally determined dia-
magnetic shifts (AE), the m'(x) values for the different
compositions above x = 0.2 were deduced (see crosses in
Fig. 5). A best linear fit to the experimental data (solid
line in Fig. 5) gives m'(x) = 0.067 + (0.06 + 0.003)x.

For low alloy compositions (x & 0.2) the diamagnetic
energy shifts are comparable to the binding energy of the
donor electron, and the perturbation approach can be
questioned. For higher alloy compositions the approxi-
mation is substantially better, even though not perfect.
We will, therefore, compare the results based on the per-
turbation theory with those obtained with the variational
approach used by Aldrich and Greene, 7 a method which
is valid for a hydrogenlike system in an arbitrary mag-
netic Beld. We note that for x = 0 the two theories give
identical results only for very low magnetic-field values.
For 12T the perturbation theory clearly overestimates
the shift. For x = 0.4 and m* = 0.095 both theories
give identical results even up to 12 T. The reason is that
the diamagnetic shift is smaller, and the binding energy
is slightly larger for higher x values. For intermediate x
values the perturbation approach gives results that are
slightly wrong. However, m* enters as the third power
[see Eq. (2)], which means that even a difference of a fac-
tor of 2 in diamagnetic shift gives only a 20% decrease
of the electron mass. Therefore, in the determination of
m* using the diamagnetic shift up to 12T, perturbation
theory is applicable even for x & 0.2.

It should be mentioned that for higher phosphorus con-
centrations the shifts become smaller and the linewidths
of the emission lines increase due to alloy broadening,
making a determination of the peak position less accu-
rate. In spite of this we feel confident that the overall
trend in m'(x) is correct.

In the following we support the results by an estimate
of m* using the Bve-band k p theory.

TABLE I. Relevant band-structure parameters in GaAs
(Ref. 23).

Ep ——1.519eV
Dp ——0.341 eV

E(I's) —E(I s) = 4.659 eV
E(Fy) —E(Fs) = 4.49eV

p2 = 28.9eV
p' = 6eV
C= —2

C. Theoretical estimate of m' using Ave-band
k.p theory

In their classical work on the k p theory in III-V com-
pounds and alloys Hermann and Weisbuch2s derived ex-
pressions for m* which Brst took into account the precise
nature of the band structure of the semiconductor and,
second, related m' to the interband matrix elements p,
which couple conduction bands and valence bands. Ex-
plicitly m* is given by

mo = p'
+

3 Ep Ep+ Ap

2 1

3 E(r;) —E, +E(r„)—E, '~ (3)

IV. DISCUSSION

The reliability using the diamagnetic shift for an m*
determination is based on the precise nature and descrip-
ticn of the luminescence transition investigated. The
neutral donor is for the analysis the most simple de-
fect (e.g. , the donor taking part in the donor-acceptor
recombination, when the acceptor does not contribute
to the diamagnetic shift). Comparing the donor binding
energy EB with the diamagnetic shift LE, the perturba-
tion approach should be valid as long as AE (( E~. For
0 & x ( 0.2 this is only the case for small magnetic fields.
In this composition range E~ increases from 5meV to
7.2meV. For 0.2 ( x & 0.4 E~ increases further up to

For GaAs all relevant parameters, as presented in
Ref. 23, are given in Table I. For notations, see Ref. 23.
In the direct-band-gap GaAsi ~P alloys we first assume
that the interband matrix elements p and p' do not
change. For the x dependence of Eo we use the 4-K
data:2P E (x) = 1.519 + 1.712x + 0.186x2 (eV). For the
higher conduction bands only room-temperature values
are available: E(1's)(x) = 4.659+ 0.14x (eU) and
E(I'7)(x) = 4.49+ 0.25x (eU). These values are suffi-
cient for our purpose since the second term in Eq. (3),
proportional to p', gives only a 10% correction to the
calculated mass. C is approximated to be constant with
X.

The calculated m* values for the investigated alloy
composition range are plotted in Fig. 5 (dotted line). We
note that the agreement with the mass dependence ob-
tained from the CR experiments and the diamagnetic
shift (triangles and crosses) is satisfactory. The agree-
ment can be improved under the quite reasonable as-
sumption that p2 is slightly dependent on x. The best Bt
obtained includes such a variation with p = 28.9+ 2.5x
(eV) (dashed line).
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8.7 meV. This should be compared to the experimentally
observed LE of 2.8meV at 12T for 2: = 0.4.

In some cases the perturbation theory also holds for
neutral, acceptor-bound excitons. In the "pseudodonor"
model one assumes that the two holes are strongly bound
by the short-range potential of the acceptor. The ad-
ditional positive charge produces a long-range Coulomb
potential, which binds the electron in a donorlike state.
In those cases the analysis of the diamagnetic shifts re-
sulted in m' values very close to the free-electron values
(deviations ( 3%).

Although the error between the experimental and cal-
culated diamagnetic shift introduced by the use of first-
order perturbation theory might, for x ) 0.2 and for 12 T,
be as large as 8%, it seems not to inHuence the overall
trend in the x dependence of m* (see discussion above).
This is nicely confirmed by the ODCR measurements for
x ( 0.2. Instead, the limitation in the diamagnetic shift
measurements is mainly the low spectral resolution in the
detection system. This low resolution is, however, bene-
ficial in the ODCR measurements since a high intensity
(obtained by low-resolution measurements) is needed in
order to detect the small changes in the PL signal upon
FIR irradiation.

The theoretical approach based on the five-band k p
method 3 gives a clear trend in the m* values, imme-
diately ruling out the extremely high values of m* at
x = 0.2 and x = 0.3 as deduced in the Faraday effect
investigation. The precision of the k p method in the
case of GaAsi P is, however, not better than 10%,
probably because of the assumption of a "constant" C
and the contribution from p' . Clearly, investigations
where both m* and g" (which is determined almost en-
tirely by p2) could be measured directly in the same sam-
ples would be desirable. That would make possible the

estimation of both p and p' as a function of the alloy
composition.

Probably the best, and most precise, method to mea-
sure m* in the alloys is cyclotron resonance. Besides shar-
ing all common advantages with CR, the increased sen-
sitivity of the optical detection method (quantum trans-
formation of FIR quanta to optical quanta) makes this
method even more powerful in many cases. Limitations
due to alloy scattering are an inherent problem of the al-
loy system, and apply to all CR techniques, also ODCR.
Improvements might be possible either by pulsed jdelayed
techniques for the FIR laser or photocounting systems in
the PL detection.

V. CONCLUSIONS

The electron effective mass of the lowest I 5 conduction
band in direct-band-gap GaAsi P alloys (x ( 0.4) has
been studied using cyclotron resonance techniques and
by measuring the shifts of the DA recombination lines
in magnetic fields up to 12T. This diamagnetic shift is
analyzed within the framework of a simple perturbation
approach. The resulting m*(x) values are compared with
a theoretical estimate based on the k p theory. There is
good agreement between theory and experiments. The
result is an x dependence of the I'6 conduction-band mass
in the direct-band-gap GaAs& P~ alloys: m* = 0.067+
(0.06+ 0.003) x.
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