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Correlation of InGaP„001… surface structure during growth and bulk ordering
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CuPtB-type ordering of InGaP grown lattice matched to GaAs was investigated byin situ reflectance
anisotropy spectroscopy and reflection high-energy electron diffraction. The experiments have been performed
during InGaP growth both via metal-organic vapor phase epitaxy and chemical beam epitaxy. Additionally,
total energy calculations~TE! have been performed for differently ordered InGaP slabs. From both experiment
and TE calculations we conclude that bulk ordering only occurs when InGaP growth is performed under
phosphorus-rich (231)-like surface conditions. Bulk ordering completely disappears under growth conditions
which cause a less-phosphorus-rich (234)-like surface dimer configuration. P dimers in the (231) symmetry
at the growth surface trigger the bulk ordering driven by an energy gain of 0.26 eV per surface atom according
to our TE calculations.@S0163-1829~99!05635-0#
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I. INTRODUCTION

InGaP is an important semiconductor for the fabricat
of optoelectronic and electronic semiconductor devices s
as heterojunction bipolar transistors~HBTs! ~Ref. 1! and di-
ode lasers.2 Influenced by the growth conditions, InGa
shows CuPtB-type ordering on the group-III sublattice. Th
ordering effect3–6 results in a reduction of the band gapE0

~Ref. 7! and a reduced bulk symmetry. It is commonly qua
tified by an ordering parameterh having values between
~for completely disordered material! and 1 ~for completely
ordered material! thus describing a superlattice consisting
alternating gallium- and indium-rich ^111&B planes
(In0.5(12h)Ga0.5(11h)P/In0.5(11h)Ga0.5(12h)P). Detailed ther-
modynamical studies by Zhanget al.8 and Froyenet al.9

demonstrated that the disordered In0.48Ga0.52P alloy repre-
sents the equilibrium state. The InGaP bulk ordered phas
PRB 600163-1829/99/60~11!/8185~6!/$15.00
h
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a metastable configuration corresponding to a total-ene
~TE! local minimum. Therefore, CuPtB-type ordering was
related to the surface structure during growth and it has b

proposed that phosphorus~P! dimers along the@ 1̄10# direc-
tion promote the ordering process.8,10,11 This assumption is
based on surface photoabsorption~SPA! investigations11 and
theoretical calculations within the valence force-fie
approach.8,10 Philips et al.10 proposed a model based on th
assumption that the phosphorus dimers of a (23X) surface
reconstruction produce alternating dilated and compres
lattice rows in the subsurface layers. Since the different
oms which form the ordering sublattice@in this case the
group-III atoms gallium~small! and indium~big!# differ in
their tetrahedral radii, the occupation of certain sites is bia
beneath the strained (231) dimer structure.8

Both, n-type12 and p-type13 doping have a strong influ
ence on the ordering behavior of the InGaP layer. Bulk
8185 ©1999 The American Physical Society
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FIG. 1. Dependence of the or
dering parameterh on growth
temperature for two different V/III
ratios. Additionally data for two
different off-orientations and two
doping concentrations are shown
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dering disappears when the doping level reaches appr
mately 531017 cm23 for n-type doped material o
131018 cm23 for p-type doping. Recently, Leeet al.14 sug-
gested an alternative ordering mechanism while studying
dependence of the ordering parameterh on the InGaP dop-
ing level. Based on the observation that step bunching
ordering disappear at the same doping level, the growth
ordered material was correlated to kinetic effects at the s
edges.14

In order to clarify the correlation between bulk orderin
and surface structure, we performed systematic reflecta
anisotropy spectroscopy~RAS/RDS! ~Refs. 15 and 16! stud-
ies under metal-organic vapor phase epitaxy~MOVPE! and
chemical beam epitaxy~CBE! conditions. RAS studies of the
CuPtB-type ordering in general are complicated due to
difficulty of separating the surface and the bulk contributio
to the optical response. Therefore, former RA
investigations17–20 could not establish a clear correlation b
tween the surface structure and the bulk ordering. In orde
circumvent these problems due to the superposition of b
and surface anisotropy contributions in our approach, we
separated the bulk dielectric anisotropy that is caused b
certain bulk ordering parameterh. With this knowledge, the
surface contribution to the RAS spectra was extracted an
dependence on growth parameters such as temperature,
ratio, sample off-orientation, and doping was studied. A cl
and unambiguous correlation between the occurrence o
ordering and the presence of a (231) surface reconstruction
during growth was established by simultaneously perform
reflection high-energy electron diffraction~RHEED! and
RAS measurements in CBE.

In addition to the experimental studies, we carried o
calculations using the density-functional theory within t
local-density approximation~DFT-LDA! ~Ref. 21! for eluci-
dating in detail the interplay of the during-growth surfa
dimer configuration and bulk ordering.

II. EXPERIMENT

InGaP layers were grown in two different growth sy
tems:~i! an Aixtron 200 MOVPE system and~ii ! a chemical
xi-
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beam epitaxy~CBE! system equipped with a RHEED~Ref.
22! facility. In both systems growth was monitored by a RA
spectrometer23 attached to the growth chamber via a low
strain optical window.24 Phosphine (PH3), trimethylgallium
~TMGa!, trimethylindium~TMIn!, disilane (H2Si6), and hy-
drogen selenide (H2Se) were used as precursors for t
MOVPE experiments; bisphosphinoethane~BPE!, triethyl-
gallium ~TEGa!, and trimethylindium ~TMIn! were the
source materials for CBE growth. InGaP layers were gro
on semi-insulating GaAs~001! substrates slightly off-oriented
(0.2°) towards (111)B. Samples with an off-orientation o
(2°) towards (111)B and (6°) towards (111)A were addi-
tionally used for comparison. The ordering parameter w
estimated by room-temperature photoluminescence~PL! on
0.65-mm and 1.3-mm-thick InGaP layers from the differenc
DE05E0

disordered2E0
ordered of the measured band ga

(E0
ordered). The respective value for disordered InGa

(E0
disordered) was calculated using an empirical equation a

cording to Stringfellow:25

E0
disordered52.7822.13x10.7x2, ~1!

with x being the indium content determined via x-ray diffra
tion. From the band-gap reductionDE0, the ordering param-
eterh was estimated according to Ernstet al.:26

h5A DE0

471 meV
. ~2!

The reflectance anisotropy was measured as the differe
in reflectance between the two surface symmetry axes a

@ 1̄10# and @110#:

Dr

r̄
52

r [1̄10]2r [110]

r [1̄10]1r [110]

. ~3!
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III. THEORETICAL DETAILS

Both the InGaP~001! surface geometry and the corr
sponding relaxation of bulk atoms with respect to the id
zinc-blende configuration have been determined by TE m
mization using DFT-LDA. In order to model the growth o
the Ga, In, and P containing layers, we have considere
~001! periodic slab of ten atomic layers plus a vacuum reg
equivalent in thickness to eight atomic layers. To prese
the GaAs substrate bulklike environment, the last two lay
of the slab have been fixed in a bulklike ideal position, wh
the back side of the slab has been saturated by fictitio
fractionally charged H atoms. Single-particle orbitals are
panded into plane waves up to an energy cutoff of 10
Four specialk points have been used in the irreducible p
of the two-dimensional surface Brillouin zone. Atomic coo
dinates have been relaxed using the Car-Parrin
molecular-dynamics scheme.27 We have used theoretica
GaAs bulk constants and a 50/50 In/Ga ratio, close to
0.48/0.52 experimental one. The atomic structure of the
GaP layers deep beneath the surface has been compar
the atomic structure of bulk InGaP, which has been m
mized in a separate run, using a supercell with 32 atoms

It will be shown in the experimental part that only th
phosphorus-rich (231) phase produces the high degree
InGaP bulk ordering. Hence, we focused on the modeling
the (231)-like P-dimer structure. Thep(232) supercell
chosen in the calculations is compatible with t
phosphorus-rich (231) reconstruction.

IV. RESULTS AND DISCUSSION

A. Dependence of the ordering on growth parameters

The degree of bulk ordering in InGaP is known to depe
on basically all the main growth parameters.12–14,28,29There-
fore, we varied the bulk ordering by systematically chang
the growth parameters as shown in Fig. 1.

~I! Temperature variation. Starting from a medium value
the ordering increases with increasing temperature u
reaching a maximumh around 935 K. Further increase i
temperature reduces the ordering until it vanishes at v
high temperatures.

~ii ! V/III-ratio variation. The ordering decreases with d
creasing V/III ratio.

~iii ! Off-orientation. The ordering parameter is basical
the same for surface off-orientations of 0.2° and 2° towa
(111)B but it decreases when the off-orientation is chang
to 6° towards (111)A.

~iv! Doping. The ordering is the highest for undoped I
GaP. When the layers aren-type doped with Se or Si,h
decreases (n5231017 cm23) and finally vanishes at very
high doping levels (n5631018 cm23).

All these dependences on different growth conditions
be traced back to a single reason: the surface dimer con
ration during growth.

B. Ordering-induced bulk anisotropy

In order to distinguish between surface~reconstruction!
and bulk ~ordering! contributions to the RAS spectra, firs
the bulk anisotropy was measured separately. It can be
sumed that the anisotropy contribution from the oxidiz
l
i-

a
n
e
rs

s,
-
.
t

lo

e
-

d to
i-

f
f

d

g

til

ry

s
d

n
u-

s-

InGaP surface is only small and independent from the b
ordering. Therefore, differently ordered InGaP layers w
oxidized and heated under N2 flow since the oxide layers ar
stable up to 775 K under these conditions. The bulk con
bution of the ordered InGaP layers to their RAS spectra w
separated then by subtracting the RAS spectrum of a di
dered reference sample~caused by the oxide/InGaP interfac
only!.

In Fig. 2~a!, the RAS spectra of oxidized ordere
(h50.36) and disordered layers at room temperature
shown. The bulk anisotropy obtained by the above-descri
approach is shown in Fig. 2~b! for temperatures betwee
room temperature and 975 K. These spectra display a c
acteristic line shape with a maximum around 3.3 eV and t
minima around 3 eV and 4.6 eV at room temperature. T
spectra at 875 K and 975 K are extrapolated from the m
sured data using the temperature dependence of the In
bulk dielectric function since above 800 K the oxide starts
desorb. It has been shown that the corresponding bulk die
tric anisotropy resembles the first derivative of the avera

FIG. 2. ~a! RAS spectra of oxidized In0.48Ga0.52P layers for an
ordered (h50.36) and a disordered sample (h50) at 300 K.~b!
Temperature-dependent bulk contribution to the reflectance an
ropy for h50.36 between 300 K and 975 K. The spectra at 875
and 975 K~dashed lines! are extrapolated from the measured da
~c! Dependence of the amplitude of the bulk anisotropy in the R
spectra from the ordering parameterh at 300 K.



ct
e

ic
er

-

8188 PRB 60M. ZORN et al.
FIG. 3. Comparison of
In0.48Ga0.52P RAS spectra taken
under ~a! CBE and ~b! MOVPE
conditions. These spectra refle
the surface contribution only sinc
the bulk contribution is subtracted
~see text for details!. In both sys-
tems the same two characterist
line shapes are measured und
P-rich and group-III-rich condi-
tions, respectively. They corre
spond to a (231) and a (234)
reconstructed InGaP~001! surface
according to their RHEED pat-
terns taken in CBE.
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InGaP bulk dielectric function19 and is therefore caused b
an ordering-induced splitting of all the main optical gap e
ergies (E0 , E1 , E08 , andE2). In Fig. 2~c!, the amplitude of
the peak around 3.2 eV in the room-temperature RAS spe
is plotted over the square of the ordering parameterh for the
samples grown under different conditions. The amplitu
was determined by taking the difference between the R
value at 3.3 eV~maximum! and 3.1 eV~minimum!. This
RAS amplitude is proportional to the square of the order
parameterh. This is not surprising becauseh is correlated to
the square root of the ordering-induced splitting~causing a
downshift of the PL energy! of the fundamental band gapE0
@Eq. 2# and the 3.2-eV RAS signature is correlated to t
respective ordering-induced splitting of theE1 optical gap.19

C. Correlation of RAS spectra to surface reconstructions

In order to prove the assumption that the surface rec
struction during growth influences the ordering paramete28

RAS spectra were taken while systematically varying
growth temperature, the V/III ratio, the sample o
orientation, and the doping concentration.

In the CBE system, simultaneous RAS and RHEED m
surements were performed in order to correlate the R
spectra to the respective surface reconstructions. Two sur
reconstructions have been found on InGaP~001! similar to its
binary boundary systems InP~001! ~Refs. 30 and 31! and
GaP~001!:32 a (231) reconstruction under high phosphor
pressure and a (234) symmetry during growth, i.e., unde
group-III-rich conditions. In contrast to the binary pho
phorus compounds InP and GaP where the (234) surface
reconstruction can also be found under static condition
low phosphorus supply, for InGaP in our experiments t
reconstruction showed up during growth only. InGaP~001!
surfaces of (231) symmetry have also been reported in g
source molecular-beam epitaxy~GSMBE! ~Ref. 33!. and in
solid-source molecular-beam epitaxy~SSMBE!.34 A (234)
reconstruction was found during growth on InGaP under l
phosphine flow rates in metal-organic molecular-beam e
taxy ~MOMBE!.35
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The surface contributions to the RAS spectra of t
(231) and the (234) surface reconstruction are shown
Fig. 3~a!. They differ characteristically in the energy rang
around 3 eV. The spectrum of the (231) reconstructed sur
face consists of a sharp peak at 3 eV while this peak ne
vanishes in the case of (234) surface reconstruction.

Under MOVPE conditions, very similar RAS spectra c
be observed, e.g., by varying the growth temperature. T
indicates that under gas-phase conditions also a (231)-like
and a (234)-like surface dimer configuration are prese
under phosphorus-rich and under group-III-rich conditio
respectively. Figure 3~b! shows RAS spectra taken durin
growth at a V/III ratio of 160 in the temperature range b
tween 875 K and 995 K showing significant changes wh
the temperature is increased.

These changes from the (231)-like to (234)-like RAS
signatures are caused by the enhanced desorption of p
phorus at high temperatures leading to group-III-rich con
tions and a decrease in the RAS signal at 2.9 eV.

D. Correlation of during-growth surface reconstruction and
resulting degree of ordering

With the surface status during growth known from
characteristic contribution to the RAS spectra, it is possi
to establish a correlation between the during-growth surf
dimer configuration and the resulting degree of orderi
This is done in Fig. 4, where the data of the samples inv
tigated in Fig. 1 are plotted over the RAS amplitude
2.9 eV that serves here as a measure for the domain rat
(231)-like and (234)-like surface dimer configuration
during growth. The result is clear and unambiguous: T
ordering is influenced by all growth parameters via the s
face reconstruction.

~i! Sample temperature. With increasing sample tempera
ture, the ordering parameterh decreases for temperature
between 925 K and 995 K.
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FIG. 4. Correlation of ordering
parameterh to the RAS amplitude
at 2.9 eV ~surface contribution
only! that scales with the
(231)/(234) surface domain
ratio. The data from Fig. 1 are
used here~V/III ratio, sample off-
orientations, doping concentra
tions, and temperature varied be
tween 925 K and 995 K!.
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~ii ! V/III ratio . At lower V/III ratios the surface chemica
potential of phosphorus is reduced. The RAS value at 2.9
mirrors the respective crossover to (234)-like group-III-
rich surface conditions.

~iii ! Sample off-orientation. When the off-orientation is
increased from 0.2° to 2°@both towards (111)B#, no signifi-
cant change either in the ordering or in the RAS signal
be observed. However, changing the off-orientation to
@towards (111)A# causes the surface to become group III ri
due to the increasing number of steps supporting the des
tion of group-V atoms@as reported for GaAs~Ref. 36!# and
consequently both the ordering and the RAS signal decre

~iv! n-doping. The ordering decreases with increasi
doping concentration (n5231017 cm23) and disappears a
high doping levels (n5631018 cm23) as reported.12,14.

In conclusion, InGaP CuPtB-bulk ordering is caused by
growth conditions where the growth surface is covered
(231)-like surface dimers. Ordering disappears when
growth surface is covered by (234)-like surface dimers.

Depending on the growth conditions, the (231) is
present under phosphorus-rich conditions indicating that
surface consists of phosphorus dimers oriented along

@ 1̄10# direction. These dimers obviously trigger the bulk o
dering by creating strain in the layers just below the surf
as has been suggested by Philipset al.10 The occupation of
certain lattice sites by gallium and indium is therefore bias
due to their different size~see Fig. 5!. From detailed studies
of the InP(001)-(234) and GaP(001)-(234)
reconstruction32,37,38it is known that this surface should no
consist of phosphorus dimers. This explains the disapp
ance of ordering under group-III-rich growth conditions.

In order to prove this assumption we modeled the InG
ordering for the P-rich surface phase growth, using
(231) P-dimer structure. P dimers were oriented along

@ 1̄10# direction. We calculated the TE differenceDE for the
(231) dimer phase on the InGaP~001! surface between two
types of layers:~i! using a structure that follows the subsu
V
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face selectivity rule~Fig. 5: small Ga atoms under th
strained dimer rows and large In atoms between the di
rows!, and ~ii ! using a configuration antisymmetric to th
subsurface selection rule~large In atoms under the straine
dimer rows and small Ga atoms between the dimer row!.
We found, starting from the zeroDE for the two InGaP
layers, that a TE difference of 0.24 eV per surface atom
these two ‘‘opposite’’ structures is reached even for fo
InGaP layers.DE saturates at 0.26 eV per surface atom
six, eight, or ten InGaP layers.

Finally, as can be seen in Fig. 5, we have found tha
dimers are asymmetric for the (231) phase because they a

FIG. 5. Calculated atomic positions of the subsurface InG
crystal using the DFT-LDA-based TE minimization. The resulti
buckling of the P dimer can clearly be seen.



dif

ru
lu

k
nt
1
th

a

.
th

lly
r,
th

at

lt-
er
er

P

e

8190 PRB 60M. ZORN et al.
connected to the chemically nonequivalent atoms with
ferent covalent radii. The P-dimer buckling is 0.42 Å , while
dimer length is 2.16 Å , close to the sum of the phospho
covalent radii. From the theoretical analysis a clear conc
sion can be drawn: the (231) P-dimer phase favors bul
ordering in agreement with the above physical argume
This is in direct contrast to results published in Ref. 1
where phosphorus dimers were supposed to be likely for
(234)-like surfaces.

However, at lower temperatures, where the surface is
ways phosphorus-rich and (231)-like due to the reduced
phosphorus desorption, the ordering is slightly reduced
can be assumed that the P-dimer driven ordering, i.e.,
diffusion of indium and gallium atoms to their energetica
preferred lattice sites in the third subsurface atomic laye
kinetically hindered under this conditions and therefore
T

s

,

T

S
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s
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e
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It
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degree of ordering is reduced when growth is performed
low temperatures.

V. CONCLUSIONS

A direct and unambiguous correlation between the resu
ing degree of ordering and the during growth surface dim
configuration was established. Ordering occurs und
(231)-like surfaces and vanishes under (234)-like surface
conditions. Total-energy calculations confirm that the
dimers in the (231) symmetry trigger bulk ordering driven
by an energy gain of 0.26 eV per surface atom.
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