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We have measured current–voltage curves and the temperature dependence of the zero bias
conductance for ap-type Be-doped GaInP/GaAs heterojunction grown by the molecular beam
epitaxy method. We have determined the valence band offsetDEn from both measurements and find
it to be 310 meV within 5% of accuracy. Similarly, we find for ann-type Si-doped sample that the
conduction band offsetDEC is 95 meV. First-principles calculations have been carried out for the
atomic and electronic structures of the interfaces. For the thermodynamically favored interfaces, the
valence band offset is found not to be sensitive to atomic relaxations at the interface. The calculated
values are in good agreement with the experiments. ©1997 American Institute of Physics.
@S0021-8979~97!00519-7#

I. INTRODUCTION

Lattice-matched GaInP/GaAs heterojunctions are widely
considered for applications such asp-channel field-effect
transistors, heterojunction bipolar transistors, visible hetero-
structure lasers, and high efficiency light-emitting diodes.1

For these applications, GaInP/GaAs heterojunctions have
many advantages, for example low interface recombination
velocities, high doping capability without creating deep lev-
els, less oxidation, and large valence band offsetDEn , in
comparison with commonly used AlGaAs/GaAs heterojunc-
tions. A largeDEn reduces leak currents in transistor appli-
cations. In heterostructure semiconductor lasers, the carriers
are confined in the active region between two heterojunction
potential barriers. This confinement enhances stimulated
emission and thus reduces the threshold current density
needed to create a laser beam. The threshold current in-
creases rapidly with increasing temperature. Therefore
knowledge of the conduction and valence band offsets at the
interface is important while designing hot electron, micro-
wave, and digital applications of the structures. However, the
offsets of the GaAs/GaInP heterojunction are poorly known,
as the reported values of the conduction band offsetDEC

range from 30 to 390 meV.2 The wide distribution of mea-
sured values may be due to the differences in the samples or
in the measuring techniques themselves. We have measured
both p-p andn-n type heterojunctions individually, in order
to obtain independent values for both the valence band and
the conduction band offsets. This also allows us to check if
the two offsets add up to the energy gap differenceDEg .
This value is known to be 0.517 eV at room temperature for
GaInP and GaAs.3 Furthermore, we have measured both
current–voltage~I–V! curves and the temperature depen-
dence of the zero bias conductance for the same Be-doped

p-p-GaInP/GaAs sample, in order to obtain the valence band
offset by two independent methods. This allows us to check
the reliability of the methods used.

We also reportab initio calculations of the band offsets,
based on structural optimizations of the relevant interfaces.
The calculations are based on the plane-wave pseudopoten-
tial methods. The results for the valence band offset agree
well with the experiments.

II. EXPERIMENTAL SETUP

The GaAs/GaInP layers were grown by solid source mo-
lecular beam epitaxy on epitaxy-ready GaAs~100! substrates.
The structures can be seen in Fig. 1. Fluxes for arsenic and
phosphorus were produced by two valved cracker cells,
where the cracking zones were operated at 920 °C. Therefore
the majority of the group-V molecular species were dimers
As2 and P2. The dopants were Be and Si forp- andn-type
materials, respectively. The substrate temperature was moni-
tored with an infra-red pyrometer.

The uniformly doped GaAs buffer layers were grown at
590 °C. The growth was interrupted at the lower GaAs/
GaInP heterointerface for 2 mins during which the growth
temperature was ramped down to 500 °C. When the tempera-
ture reached 520 °C, the phosphorus flux was switched on
and the arsenic flux was switched off, and the growth of
GaInP was commenced. The GaInP layer was doped uni-
formly except within 500 Å distance from the upper GaInP/
GaAs interface, where doping of the GaInP layer was gradu-
ally increased to the same level as that in the top GaAs
contact layer. This was done in order to make the upper
heterointerface highly conducting and ohmic compared to
the lower heterointerface. The top GaAs layer was highly
doped in order to facilitate good ohmic contacts to it.
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The contact patterns on the semiconductor surface were
introduced by a conventional photolithography process. Ex-
posure masks for AZ 1470 photoresist were made by elec-
tron beam lithography using scanning electron microscope.

A nonalloyed ohmic contact was produced on ap-type
sample by first evaporating 250-Å-thick layer of titanium on
a GaAs contact layer. To prevent the diffusion of gold into
the interface titanium, a 250-Å-thick layer of platinum was
evaporated on the titanium before a more than 500-Å-thick
gold overcoat layer.

An alloyed contact was used on ann-type sample. A 200
Å layer of nickel was used to improve the adherence of the
contact to the GaAs surface. To achieve an eutectic gold-
germanium alloy, 50 Å of gold was first evaporated on the
nickel layer. It was followed by a 250-Å-thick layer of ger-
manium, and finally another 450-Å-thick layer of gold was
evaporated. The alloying ofn-type contacts was performed
by a self-made alloying oven filled with a gas mixture of
22% hydrogen and 78% of nitrogen. The alloying tempera-
ture and time were optimized to be 450 °C and 1 min for this
oven.

To prevent the lateral current flow, the semiconductor
layers above the heterojunction were removed around the
contact pads by wet etching. A contact pad itself was used as
an etching mask for this mesa hill. An etching solution of
citric acid, hydrogen peroxide, and water was used.4

After contacting and mesa etching, the samples were
cooled close to liquid nitrogen temperature and then heated
up to well above room temperature at a slow rate of 1 °C/min
by scanning the set point of a temperature controller. The
conductance at zero bias was measured by a four-wire
method and lock-in technique. A calibrated resistor was used
to obtain the temperature simultaneously.

The I–V measurements were carried out at constant tem-
peratures by using a voltage sweep and two linear amplifiers,
one for the current and the other for the voltage.

III. ANALYSIS AND RESULTS

Due to the difference in the work functions of the two
materials, the energy bands bend near ann-n isotype hetero-
junction, as can be schematically seen in Fig. 2. The current

through the junction can be derived from the thermionic
emission theory when the temperature is such that the barrier
height is larger than kT:5

J5A* T2e2~Eact/kT!, ~1!

where A* 54pqmeffk
2/h3 is the effective Richardson con-

stant for thermionic emission. In the formula forA* , meff ,
andq are the effective mass and the charge of the conduction
band electrons.Eact is the activation energy for emitted elec-
trons and equal to the barrier height measured from the
Fermi level. By adding up the currents to both directions, the
total current density can be expressed as

J5A* T2e2@DEc2~n21!d12d22qV#/nkT~12e2qV/kT!, ~2!

whered1 andd2 are the Fermi energies calculated from the
bottom of the conduction band in the neutral GaInP and
GaAs, respectively. The ideality factorn describes the
Schottky behavior of the junction. Ifn is close to unity, the
junction resembles an ideal Schottky barrier between a metal
and a low doped semiconductor.

When the applied bias voltage is high,e2(qV/kt)!1, and
the reverse currentJR from GaAs to GaInP, i.e., the second
term in the equation, can be ignored. From the first term
which represents the forward currentJF , we can see that
ln(JF) is linear in V at a constant temperature and the con-
duction band offsetDEC can be obtained from the equation

DEc5nkT lnS A* T2

JF
D1~n21!d11d21qV. ~3!

For a high reverse voltage,e2(qV/kT)@1, and the second term
in Eq. ~2! dominates. The slope of the ln(JR) versusV curve
is mainly due to the Schottky barrier lowering and we get

] ln~JR!

]V
5

q~n21!

nkT
. ~4!

Thus, we can obtain the ideality factorn and the band offset
DEC from the measured I–V curves.

Similarly, we can measure the temperature dependence
of the conductance with zero bias. Then the ln@(dJ/dV)/T#
versus 1/T plot gives both the activation energy and the con-
stant termA* through Eq.~2!

FIG. 1. Measured structures. FIG. 2. Energy band diagram for an abruptn-GaAs/n-GaInP heterojunction.
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lnS dJ

dV•TD52FDEc2~n21!d12d22qV

nk G• 1

T

1 lnS A* q

k D . ~5!

Even though the Fermi energiesd1 andd2 are strongly tem-
perature dependent in lightly doped semiconductors, they
can be estimated numerically for our doping concentra-
tions.6,7 The ideality factorn can be approximated as well, or
it can be obtained experimentally from the I–V curves as
mentioned before.

An identical analysis applies to ap-p type heterojunc-
tion, where the current carriers are positive holes in an oth-
erwise full valence band.

Figure 3 shows measured I–V curves for ap-type
sample at three different temperatures. The slopes of ln(JR)
versusVR curves give an ideality factor close to unity as one
may expect for the doping concentrations shown in Fig. 1.
The intercepts of extrapolated forward currents give satura-
tion currentsJS at zero bias. After calculating the activation

energies and Fermi level corrections, all three curves give a
valence band offset of (30565) meV as can be seen in
Table I.

Figure 4 presents the zero bias conductance measure-
ments for the samep-type sample. At low temperatures, the

FIG. 5. Calculated values of Fermi energiesd1 and d2 as a function of
temperature inp-type bulk GaInP and GaAs, respectively.

TABLE I. Determination of the valence band offset from I–V curves at four
different temperatures.

T @K# n
JS

@mA/cm2#
Eact

@meV#
(n21)d1

1d2 @meV#
DEV

@meV#

250 1.02 1.3 346 44 302
275 1.02 5.5 350 49 301
300 1.04 14.0 369 65 304
323 1.05 41.7 373 68 305

FIG. 3. Determination of valence band offset and ideality factor from I–V
curves at three different temperatures for ap-GaInP/p-GaAs heterojunction.

FIG. 4. Determination of valence band offset by zero bias conductance vs
temperature measurements for thep-GaInP/p-GaAs heterojunction.~a! pre-
sents measured values. In~b!, quantum tunneling correction has been done.
The plot in~c! is achieved after quantum tunneling and Fermi level correc-
tions have been performed. The current contact had an area of 1 mm2 on a
500-Å-high mesa.
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tunneling through the barrier dominates, while thermionic
excitation takes place near the room temperature. For a fur-
ther analysis of the thermionic current, the tunneling contri-
bution has been subtracted from the measured data.8 This
plot can be seen in Fig. 4~b!.

Figure 5 presents calculated distances of Fermi levels
d1(T) andd2(T) from the top of the valence bands in GaInP
~dashed curve! and GaAs~solid!. The calculations were car-
ried out at different temperatures using a procedure and for-
mulae presented in Refs. 6 and 7. The parameters used in
these calculations can be seen in Table II.

These calculated Fermi energiesd1(T) and d2(T) and
the ideality factorn51.02, obtained experimentally from
I–V measurements, were substituted into Eq.~5!. This was
done in order to achieve a linear plot with a slope propor-
tional to DEV and a constant term proportional to the effec-
tive Richardson constant,A* . This plot is presented in Fig.
4~c!. It gives the valence band offset of 308 meV and the
effective Richardson constant of 0.14 A/cm2 K2. Corre-
sponding measurements at different spots of the sample and
with different contact sizes gave identical results, to within
5%.

Similarly, the plot in Fig. 6 determined from measure-
ments ofn-type samples gives the conductance band offset
of 93 meV and the effective Richardson constant of 6.54
31023 A/cm2 K2. The parameters used in calculations for
Fermi level distancesd1(T) and d2(T) from the bottom of
the conduction bands can be seen in Table III.

IV. COMPARISON TO LASER TECHNOLOGY
INTEGRATED PROGRAM SIMULATIONS

The energy band diagrams of the layered materials have
also been modelled by the commercially available simulation
package laser technology integrated program~LASTIP!. The
program is designed to simulate the operation of semicon-
ductor lasers in two dimensions. By calibrating the program
with material parameters, including the band offsets, it can
be used to optimize existing lasers or to design new laser
structures.

Figure 7 shows the simulated energy band diagram at
300 K for thep-type GaAs/GaInP heterojunction. The lower
figure presents the valence band for an enlarged heterojunc-
tion area. The built-in voltage in GaInP, obtained from the
simulation, is roughly 250 mV, and that in GaAs is approxi-
mately 20 mV. This voltage ratio gives an ideality factor of
1.08, which does not differ considerably from the experi-
mental value of 1.04 at 300 K. The depletion layer width in

TABLE II. Effective masses~Ref. 3!, energies of acceptor level for beryl-
lium dopant~Ref. 5!, and doping concentrations of GaInP and GaAs in the
p-type sample.

Material mlh /m0 mhh /m0 EA @meV# NA @ /cm3#

GaInP 0.145 0.660 30 2.531016

GaAs 0.087 0.475 28 131018

FIG. 6. Determination of conduction band offset by zero bias conductance
vs temperature measurements forn-GaInP/n-GaAs heterojunction. The plot
is achieved after quantum tunneling and Fermi level corrections. Current
contact had an area of 0.3 mm2 on a 5500-Å-high mesa.

TABLE III. Effective masses~Ref. 3!, energies of the donor level for silicon
dopant ~Ref. 5!, and doping concentrations of GaInP and GaAs, respec-
tively.

Material me /m0 ED @meV# ND @ /cm3#

GaInP 0.118 11.6 1.031015

GaAs 0.067 5.8 1.031018

FIG. 7. Zero bias energy band diagram for ap-type GaAs/GaInP hetero-
structure.
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GaInP is of the order of 1mm, while that in GaAs is much
less. The difference is due to the large number of states avail-
able in GaAs.

For then-type GaAs/GaInP heterojunction simulated en-
ergy band diagram at 300 K gives an ideality factor of about
1.1, which is slightly higher than what one would expect for
the doping concentrations used. Nevertheless, the difference
does not have an effect on the band offsets obtained earlier.

Figure 8 compares the simulated and measured I–V
curves for thep-type sample at 300 K. The forward parts of
the curves fit well together. The small difference with high
forward bias voltage is obviously due to the heating of the
sample by forward current. The measured reverse current is
somewhat higher than the simulated one. A reason for this is
probably avalanche breakdown in the edge and/or curvature
regions of the junction where the field intensity is higher
than in planar junction. The LASTIP program does not take
into account this junction curvature effect, which increases
our experimental values of the ideality factor above room
temperature slightly. However, this increase with a positive
temperature coefficient does not considerably affect the de-
termined values of the band offsets.

V. AB INITIO CALCULATIONS OF INTERFACE
STRUCTURES AND BAND OFFSETS

To gain insight into the measured band offsets, we have
performedab initio calculations within the density functional
theory using normconserving pseudopotentials and a plane-
wave basis set. The details of such calculations have been
presented in a recent publication,9 and only the main points
are summarized here. A repeated-slab supercell method, with
the interface of interest at its center, has been used to simu-
late the isolated interface by a periodic superlattice. A 12
Ryd plane-wave cutoff, sufficient to obtain an accurate de-
scription of bulk material parameters, has been used through-
out the calculations. The valence-band offsetDEV has been
calculated as outlined by Baldereschiet al.10 summing two
different contributions:~i! the differenceDEV

BS between the

two valence-band edges measured with respect to the aver-
age electrostatic potential of each of the two bulk materials,
~ii ! the electrostatic potential-energy lineup across the inter-
face DVel . The second term is the only one in which the
interface properties are involved, the other arising from the
bulk properties of the constituent materials of the structure.

Even if the exact value for the band offset can not be
determined by means of simple arguments, qualitative pre-
dictions can be made rather straightforwardly. In particular,
the band offset between two isovalent lattice-matched semi-
conductors will depend only weakly on any structural prop-
erty of the interface, such as the crystallographic orientation
of the interface.11 This means that the value for the band
offset found for the~100! orientation of the interface is the
same for every other orientation, nor does any alloying pro-
cedure at the~100! interface give a substantially different
value. We have checked the dependence of the band offset
on the abruptness of the interface by making self-consistent
calculations for four different interface geometries, which
represent limiting cases of abrupt and reconstructed inter-
faces of the Ga0.5In0.5P–GaAs(100) system. The interfaces
considered are the two abrupt interfaces obtained bringing in
contact the P-terminated alloy with the Ga-terminated GaAs
and the Ga/In-terminated alloy with the As-terminated GaAs.
In each case, the interface has been structurally relaxed to its
equilibrium.

Among the possible reconstructions, we have considered
thec(232) with one mixed layer containing either an anion
or a cation-mixed layer. In Fig. 9, we present the distribution
of the electrostatic potential after a suitable convolution~the
Baldereschi average! has been carried out to filter away the
bulklike contributions. The symbols A and B refer to the
c(232) reconstruction of the~100! interface, containing a
mixed layer of anions and cations, respectively, while C and
D refer to the As–Ga/In and P–Ga abrupt interfaces. Regard-
less of the geometrical characteristics of the interface, all
these four macroscopic potentials reach the same asymptotic
values in the central slab region of each material. Thus no
structural information is obtained from comparing the ex-

FIG. 8. I–V curves for ap-type GaAs/GaInP heterojunction at 300 K.
Hollow circles represent measured values and solid ones show simulated
values obtained by LASTIP program. Contact area was 1 mm2 for both
curves.

FIG. 9. Macroscopic average of the electrostatic potential through the su-
percell. The different lines refer to structures A~solid!, B ~dotted!, C ~long
dashed!, and D ~dashed!. A and B are thec(232) reconstructed~100!
interfaces, containing a mixed layer of anions and cations, respectively. C
and D refer to the As–Ga/In and P–Ga abrupt interfaces.

3378 J. Appl. Phys., Vol. 82, No. 7, 1 October 1997 Lindell et al.



perimental value for the band offset with the outcomes of the
calculations. It is indeed the case in which only anab initio
total energy calculation can shed light on the abrupt and
reconstructed interfaces of the Ga0.5In0.5P–GaAs(100) sys-
tem, otherwise inaccessible to the investigation.

The interfaces considered are the two abrupt interfaces
obtained bringing in contact the P-terminated alloy with the
Ga-terminated GaAs and the Ga/In-terminated alloy with the
As-terminated GaAs. For each interface structure, we define
and calculate the formation energyEf dependent on the
chemical potentials of the elements in question:

Ef5
1

2A S Etot
SL2(

i
nim i D . ~6!

Here Etot
SL is the supercell total energy,ni the number of

atoms for each element,m i the respective chemical potential,
and A the supercell cross-sectional area. In Table IV, we
report the results of the calculations of the valence band off-
set and the formation energies for the GaInP–GaAs~100!
interface. According to the above discussion,DEn is the
same for all the investigated interfaces except for case D in
which a small deviation of 20 meV can be accounted for by
the effect of the interface strain on the band offset. These
numbers are in substantial agreement with the experimental
values~305 meV! and the residual difference of 55 meV can
probably be attributed to the effect of disorder not considered
in our calculations.

For completeness, we have also calculated and tabulated
in Table IV the corresponding values for the AlInP/
GaAs~100! interface. Again the results for the valence band
offset are in good agreement with the experimental values
reported by Watanabe and Ohba.12

Table IV also lists the values of the interface formation
energies. In the case of the abrupt interfaces, these depend on
the chemical potential difference, defined asDm
5 1

2(m
P2mAs) ~equivalently for the other cases!. The admit-

ted range of this difference is determined by the equilibrium
conditions for the bulk materials and the appropriate binary
compounds.13 The phase diagram is presented in Fig. 10.
Depending on the chemical potentials, both abrupt interfaces
are possible while the reconstructed A and B are always
energetically unfavorable. Since there is no reason to sup-
pose that more complex reconstructions should have differ-
ent formation energies, we conclude that the interface geom-
etry for the system investigated should be of the type C or D.

Summarizing this section: we have calculated valence-
band offsets and formation energies for different geometrical
arrangements of the Ga0.5In0.5P–GaAs(100) interface. The

results, in good agreement with the experimental value dis-
cussed above, show that the band offset is not sensitive to the
detailed interface geometry. The total energy calculations
predict that the interface is likely to be abrupt, consisting of
either As–Ga/In or P–Ga depending on the relative values of
the atomic chemical potentials during the interface growth.

VI. DISCUSSION

The sum of the measured band offsets at the GaAs/
GaInP heterojunction is 400 meV, which is somewhat
smaller than 517 meV, the difference between the band gaps
of these two materials.3 The difference may be due to the
slight contamination of GaInP with arsenic during the grow-
ing process.14 Another explanation for the deviation is that
the band gap of the molecular beam epitaxy grown GaInP is
less than that used in Ref. 3. If this is the case, then it is not
known whether the valence or the conduction band offset is
more affected.

The Schottky effect, i.e., the image force induced lower-
ing of the barrier, can not make the difference, because this
has been taken into account in the experimentally determined
ideality factor. Besides, the Schottky barrier lowering is neg-
ligible in a junction between two materials with essentially
the same dielectric constant.

Anyway, according to the experiment, the valence band
offset is clearly larger than the conduction band offset for the
GaInP/GaAs heterojunction.

The measured effective Richardson constants are smaller
than the theoretical ones. The effective Richardson constant
for free electrons is 120 A/cm2/K2 ~Ref. 5!. By taking into
account the effective masses of the carriers, the theoretical
effective Richardson constant for ap-type GaAs is
74 A/cm2/K2 and that for ann-type GaAs is 8 A/cm2/K2

~Ref. 5!. The respective experimental values of 0.14 and
6.5431023 A/cm2/K2 were by a factor of 1000 smaller than
these.

One possible reason for the low measured values ofA*
is the reduced contact area by contamination of the surface or
by oxidation of the contact layer dopants. Fast wet etching of

TABLE IV. Valence band offsetsDEv and formation energiesEf at the
GaInP–GaAs~100! and AlInP–GaAs~100! interfaces~in eV!. The formation
energies refer to the (131) interface.

A B C D

GaInP/GaAs DEv 0.36 0.36 0.36 0.34
Ef 20.03 20.03 20.431Dm 20.512Dm

AlInP/GaAs DEv 0.58 0.60 0.62 0.58
Ef 0.00 0.00 20.481Dm 0.512Dm

FIG. 10. Phase diagram of the energetically most favorable interfaces as a
function of the chemical potentials. The chemical potentialsmP andmAs are
referred to their corresponding bulk values.
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the surface by citric acid before contacting increased the val-
ues of measured Richardson constant by a factor of 10 to the
values mentioned above.

The calculated values ofA* do not include the optical
phonon scattering. It is possible that an electron which has
enough energy to overcome the barrier scatters back due to
the electron optical-phonon backscattering. Further, the
Maxwellian energy distribution of electrons may be distorted
because of quantum tunneling and reflection. The influence
of these effects to total current density depends strongly on
the electric field and the energy of the carriers.5

Yet, another possibility is that an alloyed contact forms
spikes on GaAs despite the gapping metal between the semi-
conductor surface and gold layer. These spikes are narrow
and sharp projections and their added up area is much less
than the contact area.

Hickmott et al.15 have measured an effective Richardson
constant of the order of 0.1 A/cm2/K2 for an n-type doped
GaAs thermionic emitter. In addition, this value decreases
sharply around zero bias, reaching a minimum value of the
order of 0.01 A/cm2/K2 and is close to the value obtained in
our experiment.

It is risky to determineA* from experimental data be-
cause it requires an extrapolation of a logarithmic plot on 1/T
scale to zero, i.e., to infinite temperature. However, the ef-
fective Richardson constant, determined from the tempera-
ture dependence of the zero bias conductance, was used as a
parameter in determination of the valence band offset from
I–V curves. The band offsets obtained by these two indepen-

dent methods fit well together. Thus, the experimentally de-
terminedA* must be correct, as it is. The difference between
calculated and experimentally determined effective Richard-
son constants is due to the reduction of the active contact
area and reflection of carriers at the interface.
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