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Properties of thin strained Ga(ks, P) layers
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In this paper we present results of studies on samples, grown by metal-organic vapor-phase epi-

taxy, containing a single layer of Ga(As, P) in between Gap. Investigations of these samples were
carried out by means of photoluminescence at 2 K and the results are confronted with calculations
using deformation-potential theory. It is shown that strain efFects decrease the band-gap energy of
the layers and that good agreement can be obtained between theory and experiment. Finally, we

4
discuss quantum size shifts and increased phonon coupling which occur for thin wells ( g 100 A).

I. INTRODUCTION

It is possible to grow perfect epitaxial structures con-
taining layers with nonequal lattice constants, e.g., in the
systems GaAs-GaP and GaAs-InAs. Such structures
then contain layers with elastically strained crystal lat-
tices. This strain will affect the band structure of the ma-
terial, allowing the fabrication of materials in which the
band gap and the lattice constant are independently vari-
able. ' The ability to fabricate such "strained" epitaxial
layers thus offers extra fiexibility in materials science. In
this paper, we first describe the growth, by metal-organic
vapor-phase epitaxy (MOVPE}, of thin (down to four
atomic layers) strained layers of Ga(As, P) in between
GaP and show the photoluminescence spectra of these
layers. In the third section we present the principles of
deformation-potential theory and show how strain effects
alter the energy of the electron-hole recombinations in
the Ga(As, P) layers. Then, we discuss the band offsets in
the GaP/Ga(As, P)/GaP system. Also, we calculate here
quantum size effects and discuss the increased phonon
coupling which is observed in the thinner (& 100 A) lay-
ers.

II. EXPERIMENT

Double heterostructures of GaP/Ga(As, P)/GaP were
grown by metal-organic vapor-phase epitaxy (MOVPE)
in a horizontal reactor operating at atmospheric pressure.
As starting compounds, trimethyl gallium (TMGa}, phos-
phine, (PH3, pure), and arsine (AsH3, 5% in hydrogen)
were used. The various components were introduced into
the reactor by means of pneumatically operated valves
fitted with a purge line through which a hydrogen flow
was continuously passed. The substrates were gallium
phosphide, sulfur-doped to =5X10' cm and with
orientation (100) +0.5. The etch pit density of these
substrates was =10 crn . Directly on these substrates,
a 5-pm-thick layer of GaP was grown with a high growth
rate (5 Ism/h) and at a high temperature (775 C). The ac-
tual region of interest [the GaP/Ga(As, P)/GaP struc-
ture] was grown at a temperature of 715 C and with a
lower TMGa partial pressure so that a growth rate of 1

monolayer per second could be maintained throughout.
The PH&-to-TMGa ratio was kept at a value of about 16
for both these growth rates. In preliminary experiments,
it has been found that under the above-mentioned condi-
tions morphologically smooth GaP layers could be grown
having a residual n-type impurity concentration of
&5X10"cm-'.

To grow the Ga(As, P) layers, AsHs was introduced
into the reactor for a fixed period of time; the growth
(TMGa introduction) was not interrupted at the inter-
faces. The thinnest Ga(As, P) layers were made to a
thickness of 11 A and grown in 4 s. The thickest
Ga(As, P) layers grown were 0.13 Ism. The top GaP layer
was typically 800 k Micrographs of cross sectional im-
ages made by transmission electron microscopy showed
that the change in composition in our epitaxial structures
was achieved in one or two monolayers and that the in-
terfaces were extremely fiat. A micrograph of a 32-A-
thick Ga(As+3oPo ~o) layer in between GaP is shown in
Fig. I.

The AsH3 concentrations introduced into the reactor
were varied to give Ga(As, P) layers with various compo-
sitions. The concentration of arsenic in these layers was
determined by SIMS measurements to an accuracy of
about 10-15 relative percents. The maximum concentra-
tion of arsenic built into the Ga(As, P} layers was 48%.

%'hen strained layers are grown thin enough, the mis6t
between epilayer and substrate can be completely accom-
modated by elastic deformation of the crystal lattice.
The growth is then commensurate with perfect registra-
tion of lattice planes through the interfaces. Above a cer-
tain (so-called "critical" ) layer thickness the epilayer
breaks up and mis6t dislocations are formed. Based on
an analysis of the forces exerted on threading dislocations
(originating from the substrate) a model has been
developed for the calculation of the critical layer thick-
ness as function of the misfit between epilayer and sub-
strate. Thus, for Ga(As„P, „}layers strained to the lat-
tice parameter of GaP one obtains a critical layer thick-
ness of about 400 A for x =0. 1 (0.4% misfit); the critical
layer thickness is about 90 A with x =0.3 (corresponding
to 1.1% misfit), whereas for x =0.5 (1.9% misfit) the crit-
ical layer thickness is approximately 25 A.

Photoluminescence studies were carried out on the
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FIG. 1. Bright Geld micrograph of a 32-A-thick Ga(Aso 30PO 70) layer in between GaP, showing interface abruptness and flatness.

No dislocations are present at the interfaces.

GaP/Ga(As, P)/GaP structures with the samples at 1.5 K
and excited by the 351-nm line of an Ar+ laser. The exci-
tation density was approximately 100 W/cm . In Fig. 2,
photoluminescence (PL) spectra of thin strained layers of
Ga«so 3oPo 7o}, having thicknesses of 120, 50, and ll A,
are shown. The shape of the PL peak of the strained
Ga(As, P) layer is similar to that of the Mo peak in in-

direct, unstrained Ga(As, P), including the La phonon
replica at about 30 meV lower energy. In the case of re-
laxed indirect-gap Ga(As, P), the Mo peak is believed to
be due to the recombination of electrons and holes which
are trapped in the density of states (DOS) tail that ex-
tends into the forbidden gap. The width of the peak is
then related to the energy distribution of the disorder-
induced DOS tail and amounts to about 7 meV. The line
width of the PI. peak of the 120-A sample is also about 7
meV. From the similar line shape and width we conclude
that we observe the same PI. transition. The peak max-
imum of the 120-A, strained Ga{As,P) layer lies at 2.015
eV. The peak maximum of a thick, relaxed Ga(As, P) lay-
er of this composition lies at 2.17 eV. The observed ener-

gy shift of 150 meV is due to the compressive strain ex-
erted on the Ga(As, P} layer.

In Fig. 3, we show data obtained from PI measure-
ments on samples with varying Ga(As, P) layer
thicknesses and with various compositions of the ternary
layer. For the Ga(Aso &2Po ss} layers, the strain gives rise
to an energy shift of approximately 50 IDeV. For the
Ga(Aso „sPo52) layers the measured band-gap energies are
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FIG. 2. 2-K photoluminescence of strained, 120, SO-, and
11-A-thick Ga{Aso 30PO 70} layers (curves a, h, and c, respective-
ly) in between GaP. The peak maximum for the 120-A layer is
at 2.01S eV, the peak width is 7 meV. The luminescence intensi-
ty is very strong compared to the GaP band-edge emission
around 2.2 eV. As the layers get progressively thinner the ratio
of the LA~ phonon-assisted transition to the no-phonon transi-
tion increases. The energy difference between the PL peak ener-

4 O

gy between the 120-A layer and the SO-A layer is about 30 meV,
and is attributed to quantum size eff'ects. The increased phonon
coupling for the SO-A layer is believed to be due to quantum size
effects on the I band (not seen in PL} which is discussed in the
text.
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tensional in the [001] direction. The shift of the energy
levels due to strain effects can be calculated via
deformation-potential theory, as described by, e.g.,
Mathieu et al., in which orbital strain terms and strain-
dependent spin-orbit terms are incorporated in the Ham-
iltonian.

First, we treat the calculation for the valence band
where the relevant Hamiltonian is equal to

8 =H]+H2,
where Hi contains the orbital strain terms and thus can
be written as

lo
I I I ~

tOO

Ga(Aa„P,.„}layer thickness (h)

t I

loQO

H, = —a, (e,„+e~~+e )

—3b, [(L3——,'L2)e +c.p. ]

v3d i—[(L„Ly+I.yL„)e~y+c.p. ],
FIG. 3. The transition energies for quantum wells of three

difFerent compositions as a function of the quantum well vridth.
Points are included for layers thicker than the critical layer
thickness. For narrow well widths the transition energies in-
crease; shown in the figure with a dashed line is the calculated
energy shift as a function of quantum well width for
Ga~+ 0.30P0.70~'

strongly dependent on the layer thickness. In this series
of samples containing extremely thin layers with high ar-
senic concentration, small variations in the growth rate
and AsH3 flow rate give rise to large variations of the PL
peak position. In these samples grown to the same in-
tended thickness and arsenic concentration, variations of
up to 100 meV in the PL peak position were observed. In
the other sets of samples one observes an increase in the
measured luminescence energy for layer thicknesses
below 100 A. At these thicknesses, quantum size effects
will start to increase the transition energies.

The result of a finite quantum-well calculation for a
single quantum well in the GaP/Ga(Aso 30PO 70)/GaP sys-
tem (as carried out in, e.g., Ref. 4) is also shown in the
figure This calcul. ation will be discussed in the next sec-
tion. Furthermore, from Fig. 3 one may observe that
strain-shifted photoluminescence is obtained even from
layers grown to thicknesses above the calculated critical
thickness. Thus, the PL peak was still intense in
Ga(As0, 2PO ss} layers of 800 and 1300 A (not included in
the figure). In the Ga(Aso 30PO 70) layers, the strain-re-
lated PI. peak is still present in layers up to 800 A thick.
In this series of samples, a decrease in PL peak intensity
was observed when the ternary layer thickness exceeded
500 A (i.e., about 5 times the critical thickness). In the
series of the Ga(As0. 4sPo. s2) samples, strain-related PL
was observed for 50-A. layers (about two times the critical
thickness); in this case, however, the intensity was low
and the peak was extremely broad.

III. THEORY

In the structures of GaP/Ga(As, P)/GaP, the strain in
the Ga(As, P) layer is compressive in the (100}plane and

and H2 contains the strain-dependent spin-orbit terms, as
follows:

H2 ———a2(e„„+e~„+e)L rr

—3b2[(L„o, ,'L —cr—)e„„+c.p. ]

v3dz[(L—„o+I. o„)e„~+c.p. ] . (3)

The terms L and e are the angular momentum operator
and the Pauli spin matrix. The abbreviation c.p. stands
for cyclic permutation. The terms a i, az, I3„b2,d i, and
d2 are the experimentally determined deformation poten-
tials. The strain tensor components are present as the
terms e;J. The stress-strain relation is contained in the
stress-strain tensor and is expressed in the following ma-
trix:

S» S&2 S&2 X»
e = S)2 S)) S)2 X„„e„S)2 S)2 S» X„

(4)

Hr ——C, (e +e„+e}

whereas the X conduction-band Hamiltonian must be
written as

Hx=E, (e„„+e»+e)
+E in [e——,

' (e„„+e y +e )1].n .

where S; are the elastic compliances and X;, are the
stresses applied to the sample under consideration. For
our calculations we used the compliances as given in Ref.
S: S» ——0.973&10 bar ' and S,2

———0.299X10
bar-'.

For compression in a (100) plane (normal to the z direc-
tion) one gets

S)2
ezra

=2
S exx~ e» =eyy =e .

~12++11

Next, we treat the calculation for the conduction-band
Hamiltonian. The I conduction-band Hamiltonian un-
der strain is
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In the above, C„E,, and Ez are deformation poten-
tials, e is a unit 3 X 3 matrix, 1 the unit dyadic, and n is a
unit vector in the [100]directions.

Our subsequent treatment differs from that of Mathieu
et a/. in that we make no approximation in diagonahzing
the valence-band Hamiltonian. Thi.s approximation leads
to large deviations at the higher (e & 1%) values of strain
which are the values we have to consider in our materials
system. Diagonalizing the Hamiltonians Hl and H2 and
subtracting the valence-band eigen values from the
conduction-band eigenvalues then results in the following
expressions for the transition energies as a function of
strain (e):

O', = Ao+ —,'(b,o
—8)——,'[(bII+8) +8(8') ]'i

D2 ——30+8,
D3 ——Ao+ —,'(bo —8)+ —,'[(BI)+8) +8(8') ]'~

I', = A»+ —',G+ —,'(bo —8)——,'[(5II+8) +8(8') ]'

I,'= W~+a+-', 6,
I', = 3» ——,'G+ —,'(bII —8)——,'[(bII+8) +8(8') ]'

I4 ——3~+8 ——,
' 6,

Is ——A» ——,'G + —,'(5II—8)+-,'[(ho+8) +8(8') ]'~

where constants from Ref. 5 are used:
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FIG. 5. (a) A plot of the calculated energy difFerences in

Ga(As, p) as a function of misfit for the X minima. The notation
is explained in Fig. 4. (b) The same plot as in (a), but in this case
for the I' minimum.

A o ———10.833e,

A„=3.057e,

8 =2.670e,

6 = —13.384e,
8'= 3.487e,

50——0.09—6.76e+ 1.336e .

The term 6.76e in the expression for bII takes into ac-
count the change in spin-orbit energy between GaP and
GaAs.

In Fig. 4 the band structure and the relevant transi-
tions for indirect Ga(As, P) are shown. It can be seen that
as a result of strain, the F level shifts upwards, whereas
the X level splits with the [100] and [010] valleys going
down in energy. In the valence band, the maximum splits
into two states. Only the lowest-energy transition, I4, is
seen in photoluminescence. Quantitatively, the strain-
induced energy change of I~ results in a linear decrease in
energy with respect to Mo of about 10 meV per 0.1%
mis6t. In Fig. 5 the calculated energies as a function of
mlsflt are shown.

IV. RESULTS AND DISCUSSION
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FIG. 4. A Sgure of the band structure of GaP and the shift of
the energy levels in indirect Ga{As,P) as a result of compres-
sional strain in the (100) plane and tensional strain in the [100]
direction, according to deformation-potential theory. The lines
labeled by O'I, B2, . . . are direct transitions and I&,I2, . . . are
transitions from the different indirect conduction band valleys
as illustrated. Their strain dependence is displayed in Fig. 5.

In Fig. 6 the band-gap variations as function of x are
shown for the bulk (relaxed) alloy, while, by the dotted
line, the band-gap variation as a function of x is shown
for the alloy, strained to the lattice constant of GaP. Ex-
perimental data obtained from the san1ples with various
compositions are also included in this figurc. There is
good agreement between the calculation and the experi-
mental data points. %'e stress the fact that in the calcula-
tions we have assumed that the relevant electron-hole
transitions take place entirely in the strained Ga(As, P)
layer with a transition from the lowest X minimum to the
valence-band maximum. Also, the similar shape of the
Mo peak in bulk Ga(As, P) and Ga(As, P) as a strained lay-
er in between Gap favors an interpretation of an in-
trawell transition. This means that the strained Ga(As, P)
provides a well for both electrons and holes. In Ref. 7 a
model was proposed, based on photoluminescence mea-
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FIG. 6. Photoluminescence transition energies for quantum
wells of different compositions. The solid line is the band gap of
the unstrained alloy and the dashed line is the calculated band-

gap shift due to strain. The oS'set is due to the binding energy
of the Mg.
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FIG. 7. An illustration of the band lineups. Unstrained
Ga(As„P) has a valence band that increases with increasing As
content which gives a lineup with Gap where the largest offset
is in the valence band. The hydrostatic component of strain
then mostly alects the conduction-band minimum. The tetrag-
onal component of strain then further shifts the band edges as
illustrated. Other effects such as dipole layers in the interface
are expected to affect the Snal lineup, leaving uncertainty in the
actual band ofFsets.

surements a 77 K, that there is a staggered band o8'set in
the Ga(As, P)/GaP system, with the conduction band be-
ing lowest in the GaP layers, while the valence-band level
was highest in Ga(As, P). This type of structure will give
rise to charge separation and interwell recornbinations.
We now propose a model as illustrated in Fig. 7 for the
development of the band structure in the
GRP/Ga(AS, P)/GaP materials systeln. Tlie Srst step is
based upon the finding that in the alloy the resulting
band-gap change occurs mostly in the valence band, with
a slope of about 5 meV per percent arsenic. The second
step in Fig. 7 is based upon the fact that application of

hydrostatic strain on Ga(As, P) results in a small shift in
the valence band (with a deformation potential of + 0.9
eV) and a larger (deformation potential of + 1.4 eV) shift
in the conduction band. The third step shows the effect
of tetragonal strain, which decreases the conduction-band
edge and increases the valence-band edge. In the 6nal
step, charge rearrangement is introduced which
e8'ectively lowers both band edges.

In Fig. 2 we show the 2-K luminescence spectra of
three samples of Ga(As03QPQ70) with thicknesses of, re-
spectively, 120, 50, and 11 A. The PL peak maxima are
to be found at 2.015, 2.049, and 2.146 eV, respectively.
The shapes of the PL peaks of all three samples are very
similar but it is clear that there is an energy shift due to
the already mentioned quantum effects. One can also ob-
serve that the intensity of the LA phonon replica is
enhanced with respect to the Mo peak when the well
thickness decreases. Furthermore, it is noted that the
width of the PL peaks increases with decreasing layer
thickness; thus, with a layer thickness of 50 A. the PL
peak width is equal to 9 meV and for the 11-A layer the
peak width is approximately 15 meV. As this latter layer
is only 4 atomic layers thick, it can be expected that the
interface imperfections on the atomic scale start to play a
role here. We will first discuss the quantum size efFects
and then the enhanced phonon coupling.

As already mentioned when discussing Fig. 3, a finite
quantum-well calculation for a single quantum well in the
GRP/Ga(ASO $QPQ 70)/GaP system has been carried out.
For this materials system electron masses and heavy-hole
masses in Ga(As, P) of 0.6mo and 0.3mo, respectively,
were used' and the potential steps in the conduction
band and in the valence band were taken to be 0.10 and
0.17 eV, respectively. The result of this calculation is
shown in Fig. 3 and serves to give a first check on the
magnitude of the quantum size e8'ects. Given the uncer-
tainties in the band o8'sets it is noted that the quantum
energy shift as calculated with the above-mentioned pa-
rameters follows the trend of the experimental data re-
markably well. The difference between our system and
that discussed in Ref. 7 is that in our ease only the
Ga(As, P) layer is strained, whereas in Ref. 7 the
Ga(As, P)/GaP superlattice was grown on an epilayer of
intermediate composition. In this case the strain is then
shared between both Ga(As, P) (in compression) and GaP
(in tension) and then slightly difFerent values of the defor-
mation potentials can make the GaP layer a well for elec-
trons. We conclude that also in the Ga(As, P)/GaP sys-
tern prestrain can be used as a means of changing super-
lattices from type I to type II, as has been established in
the Si/SiGe system. "

Now we discuss the enhanced phonon coupling which
takes place in the thinner (&100 A) strained layers.
From Fig. 2 it can be seen that the intensity of the LA
phonon replica line with respect to the Mo peak increases
from a value of =—,

' for the 120-A layer, via= —,
' for the

50-A layer, up to a value of =—', for the thinnest Ga(As, P)
layer.

Previous investigations of shallow donor-acceptor-pair
spectra in GaP have shown that the phonon coupling of
luminescent transitions in indirect GaP is dependent on
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the degree of mlxlng of the direct, I -point wave functton
into the indirect X-point wave function. Thus the wave
function of the particular, luminescmg state can be writ-
ten as

+=~x0x+~r4r (10)

where Px derives from the X point and Pr derives from
the I point. The factor ax is approximately unity but
the factor ar, which determines the strength of the no-
phonon transition, is a sensitive function of the band
structure. In a Srst approximation one can write al- as
follows:

V. CONCLUSIONS

We have made use of MOVPE to grow extremely thin
strained layers of Ga(As, P} in a matrix of gallium phos-
phide. Extrexnely strong and narrow photoluminescence

ar ——V/(Er Ex }—,
where V is a constant and Ez —Ez is the energy
diff'erence between the X point and the nearest I'-point
conduction-band minimum. This energy difference is
afFected by the layer thickness and increases for the
thinner wells. As the electron has a lighter mass in the
F'-point state than in the J-point state one can expect a
larger quantum size effect for the I'-point state and thus
an increase in Ex E& fo—r thin, quantum well layers. It
is noted that even with a not-too-large staggered X-band
ofFset the Ga(As, P) layer can act as a well for I' electrons.
The resulting decrease of tzr will decrease the nophonon
transition strength compared to the phonon-assisted tran-
sition and give rise to the relative increase of the LA
transition, which is what is observed in the PL spectra of
the samples shown in Fig. 2. %e have previously shown3
that the variation in the Mo hne shape (or phonon cou-
pling) with alloy composition can be explained with a
similar band-structure-dependent zero-phonon transition
probability. This effect is also expected to occur in super-
lattices and is then one of the properties of the superlat-
tice which can be adjusted independently of some other
property; e.g., the band gap. As has been pointed out by
Osbourn, ' the ability to independently vary several prop-
erties of strained-layer superlattices is an important ad-
vantage of the strained materials systems as compared to
the more limited flexibility of lattice-matched superlat-
tices such as GaAs/AIGaAs.

peaks were obtained from the strained layers present in
these samples. For layers with a thickness of 3—5 times
the theoretical value of the critical layer thickness the PL
due to the strained layer was still present. After that, the
strain-related PL peak intensity gradually decreased.
From this behavior we conclude that the strain in the lay-
ers is relieved only gradually. %ith layers grown above
the critical thickness and after a crosshatch pattern is ob-
servable on the crystal surface, strained regions remain
present in the crystal and can still give rise to the strain-
related PL peak.

Calculations of the effect of strain on the band gap by
means of deformation-potential theory showed that strain
decreases the band-gap energy. Assuming only intrawell
transitions within the Ga(As, P) layer the calculations and
the experimental data points are in good agreement with
each other and show that a strain-induced energy de-
crease of up to 170 meV has been obtained. In our sam-
ples the transition energies decrease by approximately 10
meV per 0.1% misfit. We propose a model for the devel-
opment of the band structure in the GaP/Ga(As, P)/GaP
system taking into account alloy effects, hydrostatic and
tetragonal strain and interface efFects. From a compar-
ison with previous work' it is noted that prestrain
changes this superlattice from type I to type II.

0
%ith layers thinner than 100 A, quantum size e8ects

occur which tend to increase the transition energy again.
The observed quantum effects can be correlated to simple
theory, again assuming that electron-hole transitions take
place only inside the Ga(As, P} well.

Finally, we have observed an increase in the phonon
couplinp in structures with strained layers thinner than
= 100 A. This has been explained in terms of a change in
the degree of mixing of the direct I -point wave function
into the indirect, X-point wave function, due to quantum
size efFect on the I -point wave function. This shows
again the flexibility of the strained-layer materials sys-
te171S.
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