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A study is made of the oscillatory spectral distribution of the photovoltaic (PV) effect of a gold-indium
phosphide Schottky barrier in magnetic fields of up to 70 kG. Spectra are obtained for both the direct and
wavelength-modulated PV signals, the latter being compared to the wavelength-modulated reflectivity data.
The spectra are taken at 4.2 K in the Faraday configuration for both circular polarizations. The transition
energies associated with the spectral oscillations are corrected for exciton-binding effects, and are analyzed as
Landau levels in terms of the Pidgeon and Brown coupled-bands theory of interband magnetoabsorption. The
fit to the data gives a conduction-band effective mass m, /~ =0.079+0.001 and Luttinger parameters
y& ——5.15~0.05, y, =0.94~0.03, and y3

——1.62~0,03. The direct observation of the split-off valence-band-
to-conduction-band transition gives 60=0.108+0.003 eV and an approximate effective mass of msoiNlp
=0.21+0.02.

I. INTRODUCTION

The study of interband magneto-optical transi-
tions has been extensively used in order to deter-
mine accurate band parameters for many semi-
conductors. The theory for the quantization of
electronic levels in a magnetic field was first
developed by Landau. ' It was refined by Luttin-
ger and Kohn to include valence-band degeneracy
and further refined by Pidgeon and Brown to in-
clude the nonparabolicity of the conduction band.
However, in interband magneto-optics, one can
only use the latter theory directly in cases where
the exciton contributions to the spectra are negli-
gible. Exciton effects can be included by using
the theories developed by Elliott and Loudon,
and more recently by Altarelli and Lipari. 6'~

The problem of the exciton in a magnetic field has
been solved for the cases of low and high fields
(i.e. , y«1 and y»1, where y=h&o, /280, the
ratio of the cyclotron energy to the exciton bind-
ing energy). No explicit solution for degenerate
nonparabolic bands at intermediate fields has yet
been presented.

The determination of the band parameters of
indium phosphide through magneto-optics presents
both experimental and theoretical difficulties.
Due to the relatively high effective masses involved,
high magnetic fields are required to produce ob-
servable energy quantization, and even at 70 kG
only the transitions from the light-hole valence
band will produce any observable effects, these
effects being small in comparison to the back-
ground. The exciton contributions to the spectrum
are large because of the exciton's large binding
energy; thus the observed quantum oscillations
must be corrected for these effects. The correc-
tion in the case of indium phosphide is difficult to

perform explicitly since the field involved is in the
intermediate region (y —1).

In order to circumvent the problems of excitonic
participation, the data presented below are em-
pirically corrected for the exciton contributions
by a method used by Vrehen for QaAs. The data
were obtained by using the photovoltaic effect
which has recently been used with some success
in interband magneto-optics. ' This method
was used for detection because of its high signal-
to-noise ratio and its experimental simplicity,
and also because it can be easily coupled to wave-
length modulation to obtain the first derivative of
the observed signal directly.

In the following paragraphs a brief review of
the theory of the effects involved and used here is
presented, followed by a description of the experi-
mental setup and a discussion of the results. The
data are analyzed and fitted to the Pidgeon and
Brown theory for I.andau levels. The parameters
obtained from the fit are used to analyze the energy
shift of the transition from the split-off valence
band to the conduction band (hereafter referred to
as S.O. ).

II. THEORY

A. Photovoltaic effect

The open-circuit zero-bias photovoltage V„
across an illuminated Schottky barrier can be
shown to be11

V'„= (kT/e)ln(J/Jo+ 1),
where Jo is the equilibrium dark-current density
in the semiconductor and J is the nonequilibrium
current density caused by the illumination. In the
case of a metal-semiconductor junction where the
contribution to the photocurrent from the semi-
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transparent metal film can be ignored, the photo-
current is given by

/=ed (1 —e ),
where P is the quantum efficiency, N is the number
of photons crossing the film yer unit area, 0. is the
absorption coefficient of the semiconductor, and
W is the thickness of the space-charge region,
mhich in the case of an abrupt junction is approxi-
mately given by

W = (2e,y, /eX, )'", (3)

Here &~ is the effective permittivity of the semi-
conductor, Qs is the barrier height, and No is the

' density of 3.onlzed donors.
%Shen oTV & &, changes in the absorption coeffi-

cient will give rise to changes in the photocurrent
and thus in turn to changes in the photovoltage.
For example, when oW&1 Eq. (2) reduces to

sociated with each Landau level. The theory of the
behavior of excitons in a magnetic field has been
developed for the cases of low and high magnetic
fields. ~ Unfortunately in the intermediate-field
region (y= 1, the case of InP here) the theory has
yet to be explicitly developed. In order to circum-
vent this difficulty, the experimental data can be
empirically corrected using the method suggested
by prehen. This correction involves shifting the
experimental points to higher energies by R(H)/
(2s+ 1}, whel e R(P) ls the binding energy of the
exciton associated with the first Landau level as
a function of magnetic field, arid n is the Landau-
level quantum number. The value of R(Jf} can be
obtained by taking the difference between the ex-
perimental data for the first exciton level and the
approximately calculated position of the first Landau
level. The nem data are then fitted to the Pidgeon-
Brown. theory.

III. EXPERIMENTAI.

4p, ~ (1/o, ) 4o, , (6)

Thus, in order to observe changes in the absorp-
tion coefficient of a semiconductor due to an im-
posed external magnetic field, the sample must be
selected in such a may that the condition O.W & 1
is satisfied. For a given case, this can be accom-
plished by selecting the parameters P~ and No of
Eq. (3).

8. Magneto-optics

Interband magneto-optical effects usually ob-
served in absorption or reQectivity spectra can
thus be displayed, in the proper circumstances,
in the spectral distribution of the photovoltaic ef-
fect and such spectra can be analyzed to give band
parameters of the semiconductor. The PtLdgeon-
Brown theory for interband magneto-optical tran-
sitions is to date the most realistic theory for the
displacement of the Landau-level-associated tran-
sitions as a function of magnetic field. The theory
takes into account the valence-band degeneracy as
mell as the interaction between the valence bands,
conduction band, and the upper bands. Thus a
fit to the experimental transition energies gives
the approximate functional parameters of the the-
ox'y.

The experimental results, homever, include
contributions not only from Landau-like transitions
but also reflect the participation of excitons as-

The samples are obtained from a monocrystal-
line block of n-type InP with a room-temyerature
impurity concentration of 2x 10 cm, 3. This
material should be yure enough to obey the condi-
tion a&v &1 (where &o is the cyclotron frequency and
~ the relaxation time), necessary for the observa-
tion of magneto-optical structure associated with
the light-hole valence-band- to- conduction-band
transitions. At the same time the impurity con-
centration should be sufficient to satisfy the bar-
rier width condition, as mell as to provide a mod-
erate electric field at the junction. This material
seemed to satisfy all the conditions, since quantum
oscillations were observed and no Franz-Keldysch
effect could be observed at 4. 2 K. A rough esti-
mate, assuming the ionized-impurity concentra-
tion at 4. 2 K to be of the order of 10 cm 3, with
e~ = 12.09, ' and Qs = 0. 56 V, gives the barrier
midth 9 =5x10 cm, with a maximum electric
field of E= 2x 10~ V/cm at the barrier.

The samyles mere polished mith A1393 powder,
etched in a methanol 10-vol. %%ugBrsolutio nan dkept
in an inert atmosphere or high vacuum during the
remainder of the preparation in order to minimize
surface oxidation and the resultant changes in the
spectrum. The contacts on the photovoltaic sam-
ples were ylaced in a "sandwich" configuration, the
back contact being made by evaporating indium
and alloying in a nitrogen-atmosphere furnace at
300 C, and the front contact consisting of an evap-
orated semitransparent gold film. The samples
mere mounted in the Faraday configuration in such
a manner that S((B[((ill) )[E, where S is the in-
cident-radiation propagation vector, B the magnet-
ic field, and E the junction electric field. (Note
E l(B in order to avoid crossed-field effects. )
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FIG. 1. Wavelength-
modulated reQ ectivity
(hR/R) and wavelength-
mod ulated photovoltaic
g V») effect near the 1$
exciton line: solid line,
4V» experimental; dashed
line, bR/R fit; ~, b,R/R
experimental.
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These samples were placed in an indeyendent cham-
ber within a suyerconducting magnet and kept at
4. 2 K by a He exchange gas at a pressure of 10
TOLT,

The optical system consisted of a &-m grating
monochromator mounted in a double-beam geometry
and coupled to an HR polarizer and a Fresnel
rhomb, thus providing monochromatic radiation
circularly polarized at better than 90% over the
spectral range of interest. The beam was chopped
at 85 Hz and synchronous detection was used
throughout. The wavelength modulation was pro-
vided by a vibrating refractor plate placed in the
monochromator. A low-noise silicon photodiode
(EG and G type HAD-1000) was used as detector
in order to obtain the ref lectivity data. A more

complete descriytion of the apparatus can be found
elsewhere. 4

IV. RESULTS AND DISCUSSION

A. Comparison of wavelength-modulated photovoltaic effect
and wavelength-modulated reflectivity

In order to establish the correspondence between
the structures seen in the photovoltaic spectra
and the pertinent transition energies, a comparison
was made between the photovoltaic derivative spec-
trum and the modulated-ref lectivity spectrum.
Qn Fig. 1, the wavelength-modulated ref lectivity
b, R/R near the 1S exciton line at 1.4183 ep is
presented together with the wavelength-modulated
photovoltaic spectrum 6V„. The ref lectivity curve
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FIG. 4. Energy positions
of the spectral oscillations
as functions of the magnetic
field for right-circularly-
polarized {RCP) light. The
lines represent theoretical
transitions labeled as in
Table II. Only the points .of
line 7-10 were used in the
fit.~ 4
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The complete spectra of r R/R and 4 V„at 70
ko a,re presented for comparison in Fig. 2. The
transition-energy positions (labeled as in Table
II below) which were taken as data, are indicated
on the figure. It is noted that in the case of the
Landau-like oscillations having a large broadening
parameter, the maxima of the hP~, curves corre-
sponded with the minima for the hR/R curves to
within 0. 5 meV, which is as good as the resolution
of the apparatus. A major difficulty in using only
the LR/R data is that the reflectivity signal was
very weak and noisy, in contrast to that of the
photovoltage. This is clearly demonstrated on
Fig. 2 by the high visibility of the 8.0. transition
in the b, P„spectrum in comparison with that of the
LR/R spectrum Thus, fo. r each magnetic-field
value and polarization, the accumulated data con-
sisted of the data from the b.R/R spectra, from
the 6 V~, spectra as well as from the direct photo-

voltaic (V„) spectra.
Figure 3 presents a comparison of the direct

photovoltaic syectrum and its associated wave-
length-modulated 6 V~, spectrum at 55 kG for left-
circularly-polarized light. The transitions are
seen in the direct spectrum as very small oscilla-
tions, even when the signal is amplified and offset;
these oscillations, however, are quite evident in
the modulated spectrum.

B. Landau-level analysis

The energies of the oscillations seen in the
spectra are plotted as functions of the magnetic
field in Figs. 4 and 5 for right- and left-circularly-
polarized light, resyectively. Following Vrehen,
it was assumed that the binding energy of the exci-
tons associated with Landau levels of higher quan-
tum numbers (e. g. , n= 4, 5, 6) is negligible when
compared to the experimental resolution (- 0. 5



' 5808 P. ROC HON AND E. FORTIN

1.55—

!.52

InP

8 II 8 II ~Ill&

V =O. Z K

l.50
LCP

l.49—

1.47
C9
K
m 1.46
K
Ld

1.45

4 FIG. 5. Energy positions
of the spectral oscillations
as functions of the magnetic
field for left-circularly-
polarized light. The lines
represent theoretical tran-
sitions labeled as in Table
Q. Only the points of lines
7-9 were used in the fit.

14+

1.4'5

l.42— ~ 4 ~ 4 ~ 4—~—~

0
I I I I

20 30 40 50 60 70
MAGNETI C FIE LD (k G)

meV). Thus these three levels for both polariza-
tions were simultaneously fitted to the Pidgeon-
Brown theory for I.andau-level transitions. The
fit was done by a convergence program which
iterates with respect to the conduction-band effec-
tive mass and the Luttinger parameters y& and ya.
Other parameters necessary to the fit were ob-
tained as follows:

(a) The band-gap value E~ = 1.423 eV was obtained
from the zero-field convergence point of the three
upper curves of both polarizations.

(b) The spin-orbit-splitting energy 6= 0. 108 eV
was obtained directly from the spectra at B = 0.

(c) The higher-band interaction parameter
f= 0.0 was obtained by minimizing the rms error
of the fit with respect to this parameter.

(d) The anisotropy factor (y~ —y~~) was taken
from Lawaetz. ~

(e) The value of K~ is approximately given by

& =V3+s Vp —s VZ —s-I 2 L & L

The fit produced the band parameters presented
in Table I, where parameters such as g„g
m„, and E~ are calculated using the approximate
equations of Aggarwal The p.arameters obtained
differ somewhat from theoretical values; however,
they are in agreement with the latest experimental
values obtained by cyclotron resonance; for ex-
ample, m, h/ma= 0. 12 of Leotin et al. and m, /mo
= 0.0803 of Chamberlain et al. '

The theoretical lines produced in Figs. 4 and 5
are derived from the parameters obtained in the
fit and are identified in Table II. The lines are
labeled according to the Pidgeon-Brown notation
in the case of Landau levels; in the case of exciton
levels, the lines are labeled as the corresponding
Landau level [which is R(H)/(2n+ 1) eV above the
exciton level]. For example, in the right-circu-
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Parameter Present work

1.423+0. 0005 eV

0.108 + 0.002 eV

Theory

1.42 eVa

O. 13 ev'

Experiment

1.424+ O. OO1'

O. 11b

TABLE I. Comparison of the band parameters deter-
mined in the present experiment with the theoretical val-
ues and other experimental values.

TABLE II. Identification of the quantum oscillations.
The notation used is as in the Pidgeon and Brown. Q,ef.
4) scheme. In the table the transitions are identified as
Landau levels {L)or as exciton states (Ex) associated
with the pertinent Landau level. For n&4 the experi-
mental resolution does not allow the differentiation be-
tween a Landau 1evel and its associated exciton.

17 +1 20. 4 eVa 16
RGP LGP

~L

~L

pL

m, gmo

m~/m0

m o/nZO

ZL

p, o+0, 2

0, 079 + 0.001

5.15~0.05

0. 94+ 0.03

1.62+0. 03

0. 12 + 0. 01

0.45+ 0. 05

0, 21 +0.01

0, 12 +0.03

1.48+0. 05

—1.90+0.05

0. 5 meV

-2.O'

O. OSO, ' O. 072d

6.28a

2. 08

2. 76'

O. OS9, ' O. OS6d

0.85, 0 50

0, 1700,184

1.47a

l. 20a

0.0803

0 12c

0.60

No.

1
2
3
4
5
6
7
8
9

10

Notation

a'(1) O.s(0)
a (1) 0.'({))
a'(1) nc(0)
a+(2) ec(1)
b'(2) P'(1)
a'(3) 0; (2)
a'(4) uc(3)
a'(5) ~'(4)
'(6) &c(5)

a'(7) &'(6)

Type

Ex
L
L?
ExP
LY
L'P

L, Ex
L, Ex
L, Ex
L, Ex

Number Notation

b'(o) P'0. )
b {0)P'(1)
b'(0) Pc(1)
a'(1) O.c(2)
a'(2) 0. (3)
b (2) Pc(3)
b'(3) P'(4)
b'(4) P'(5)
b'(5) P'(6)

Type

Ex
L
LV
L'P
L'P

Exl
L, Ex
L, Ex
L, Ex

=1.4237 eV, essentially the value deducted from
the extrapolated Landau levels.

Reference 17.
"Reference 18.
'Reference 19.

"Reference 20.
Reference 21.

larly-yolarized data both the I.andau transition
a'(1)a'(0) (line 8) and its associated exciton level
(line 1) are seen. The higher-quantum-number
lines (4, 5, 6) are an unresolved mixture of Landau
and associated exciton levels. At low quantum
numbers, due to the admixture of a number of pos-
sible Landau transitions and associated exciton
levels, the exact identity of data was difficult to
establish. Thus, among the possible overlapping
theoretical lines, the line which best described the
data was chosen as the label.

D. Spin-orbit transitionwnergy shift

Because of the observed spectral width of the
S.O. transition, the exact energy positions of such
transitions were limited to a resolution of approxi-
mately 1 meV. It was thus difficult to observe dif-

InP
T=4.2K
S II 8 II&III&

theory

C. Exciton parameters

In zero magnetic field, the exciton position is
found to be E„=1.4183+ 0.0002 eV, which agrees
with the values of Evangelisti et al. ~ (1.4185) and
White et al. (1.4182).

Using the expression developed by Baldereschi
and Lipari ' for the exciton-reduced effective mass
together with the band parameters of Table I we
obtain

p, o/ma=(mo/m, +yg) =0.056 .
In turn using

/2eri'»'
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gives R,„=5.2+0. 1 meV, a value which compares
favorably with that of Evangilisti et af. (4. 8 meV)
and White et al. (4. 9 meV).

The binding energy of the exciton and its position
at zero field thus give the band-gap value of E~

FIG. 6. Energy shift of the split-off to conduction-
band transition as a function of the magnetic field. The
points represent the averages of both polarizations; the
line is a theoretical fit using the parameters of Table I
(present work). '
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ferences between the left- and right-circularly-
polarized spectral positions of the transition at a
given magnetic field„A general energy shift as a
function of magnetic field was, however, observed
and is presented in Fig. 6. The points here repre-
sent the average shifts in energy of both polariza-
tions. The theoretical line shown in Fig. 6 is
given by

n, E = —,
'

(mo/m, —mo/m„)S(B),

which is a first-order approximation for. the shift
in the S.O. transition. In this equation the values
m, /m 0= 0. OVQ and m „/m 0 = 0. 21 (from Table I,
yresent work) were used. The function S(g) is
given by

8(P) =8kB/moc .

V. CONCLUSION

The above study of the interband magneto-optical
properties of InP has shown that the photovoltaic
effect and its wavelength derivative can be power-
ful methods for observing very small changes in
the optical properties of semiconductors. These
methods can be especially useful in the infrared
where the usual ref lectivity and absorption mea-
surements are sometimes difficult due to the lack
of suitable detectors.

In the case of InP, further investigation at low
and intermediate fields should prove useful in
determining more precisely the effects of exciton
participation. It may then be possible to study the
exciton's behavior in the light of the recent theoret-
ical developments of Altarelli and Lipari ' and of
Cho set al.
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