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Te doping of GalnP: Ordering and step structure

S. H. Lee, C. Y. Fetzer, and G. B. Stringfellowa)
Department of Materials Science and Engineering, University of Utah, Salt Lake City, Utah 94112

D. H. Lee and T. Y. Seong
Department of Materials Science and Engineering, Kwanju Institute of Science and Technology,
Kwangju 506-712, Korea

(Received 28 September 1998; accepted for publication 23 December 1998)

The donor Te has been added to GalnP during organometallic vapor phase epitaxial growth using
the precursor diethyltelluride. In agreement with previous studies, the addition of high Te
concentrations leads to the elimination of the CuPt ordering observed in undoped layers. The degree
of order is estimated from the low temperature photoluminescence peak energy to decrease from 0.5
at Te concentrations of <2X 1017cm-3 to 0 for Te concentrations of >6X 1017cm-3. This is
verified by transmission electron diffraction studies, which show the elimination of the 1/2{111}
superlattice spots at high Te doping levels. A remarkable change in the surface structure is found to
accompany this decrease in ordering: The surfaces become much smoother. Step bunching is
observed to disappear for the vicinal GaAs substrates, misoriented from (001) by 3° in the B
direction, and three-dimensional island (or mound formation is eliminated for the singular (001)
substrates. A qualitative model is presented explaining this behavior based on the effect of Te on the
step structure and the bonding at step edges, both of which affect the adatom sticking at steps.

© 1999 American Institute of Physics. [S0021-8979(99)01807-1]

[. INTRODUCTION

A remarkable phenomenon occurs during the vapor
phase epitaxial growth of semiconductor alloys on (001) ori-
ented substrates. The CuPt ordered structure, consisting of
alternating 111 B monolayers of the two binary compo-
nents, occurs for virtually all 111/V semiconductor alloys, as
well as for I11-VI and Ge-Si alloys.11In particular, formation
of the CuPt structure frequently occurs in Ga0515In0485P lay-
ers grown by organometallic vapor phase epitaxy
OMVPE 2 This ordered structure is not stable in the bulk
alloy. Theoretically, the alternating surface stresses resulting

from the formation of [ T10] -oriented phosphorous dimers on
the (2 Xn) reconstructed (001) surface, often formed during
OMVPE growth of InP and GalnP,3 thermodynamically sta-
bilize the variants of the CuPt structure with ordering on the
(111) and (111) planes in the region just below the
surface.24 This is verified experimentally by the observed
1:1 correlation between the P dimer concentration and the
degree of order with increasing temperature and decreasing
partial pressure of the P precursor.5

This phenomenon is of considerable practical interest
since ordering has a large effect on the materials properties.
For example, the band gap energy is found to be 160 meV
lower in partially ordered Ga0515In048P than in disordered
material of the same composition.6 This is very important for
visible light emitting diodes and injection laser diodes. Or-
dering must be avoided in order to produce the shortest
wavelength devices. On the other hand, ordering offers the
attractive possibility of producing heterostructuresé and
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quantum wells7 by changing the band gap energy without
altering the solid composition.

A study of the effect of substrate misorientation on the
kinetics of ordering suggests that the step structure is also

important: [110 steps assist ordering and [110 steps retard
ordering.8 However, the mechanistic role of steps remains
unclear.

In addition to the effects of the growth parameters, dop-
ing is also found to have a pronounced effect on the degree
of order produced in GalnP during OMVPE growth. Both n-
and p-type doping have been demonstrated to reduce CuPt
ordering.9-15 The mechanism for this effect also remains un-
known. Previous work in our group has shown that the ad-
dition of Te during OMVPE growth affects both step struc-
ture and ordering.1617

The purpose of this article is to further describe the ef-
fect of the addition of the donor Te during the OMVPE
growth of GalnP on the degree of CuPt order and on the step
structure, determined using atomic force microscopy AFM
techniques and to advance a model for the phenomena ob-
served. This is a part of a broader effort aimed at obtaining a
better understanding of the ordering process occurring at the
surface during epitaxial growth, particularly the role of steps.

IIl. EXPERIMENTAL PROCEDURE

Te-doped GalnP layers were grown by OMVPE in a
horizontal, infrared-heated, atmospheric pressure reactor us-
ing trimethylindium TMIn , trimethylgallium TMGa , and
tertiarybutylphosphine TBP with diethyltelluride DETe as
the dopant precursor on semi-insulating GaAs substrates
with both singular (001) and vicinal 3B (3° toward (111)B
direction orientations. The DETe was diluted to 5 ppm in
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H2. The carrier gas was Pd-diffused hydrogen. The total flow
was a constant 4360 sccm. Substrate preparation consisted of
degreasing followed by a 1 min etch in a 2:12:1 solution of
NH40H, H20, and H202 Before beginning the GalnP
growth, a 0.05 /xm GaAs buffer layer was deposited to im-
prove the quality of the GalnP layer. The GalnP thickness
was about 0.3 m for all samples. The growth rate was 0.6
IjmJh and the growth temperature was 670 °C. The TBP par-
tial pressure and V/III ratio were kept constant at 3.0 Torr
and 180, respectively. After completing the growth, the
group Il precursors were removed and the samples were
cooled, with an initial cooling rate of approximately 70 °CJ
min.

The free electron concentration and mobility were mea-
sured at room temperature using the Hall effect with the van
der Pauw geometry. Ohmic contacts were formed using in-
dium dots alloyed for 10 min at 300 °C in N2 The solid
composition of the GalnP layers was determined using Veg-
ard’s law, from x-ray diffraction measurement using Cu Ka
radiation. Only results for lattice matched layers, with values
of GaP concentration in the solid of 0.515, are presented
here. The 20 K photoluminescence (PL was excited with the
488 nm line of an Ar+ laser. The emission was dispersed
using a Spex Model 1870 monochromator and detected using
a Hamamatsu R1104 head-on photomultiplier tube.

For electron microscope examination, [110] cross-
sectional transmission electron microscope (TEM) samples
were prepared using standard Ar ion milling at 77 K. The
transmission electron diffraction (TED patterns were ob-
tained using a JEM 2010 instrument operated at 200 KV.
The thicknesses of the thin foils examined by TEM were in
the range 150-400 nm.

The surface structure was characterized using a Nano-
scope Il AFM in the tapping mode. Etched single-crystalline
Si tips were used with an end radius of about 5 nm, with a
sidewall angle of about 35°. Scan rates of 1-2 lines per
second were used and data were taken at 512 points/line and
512 lines per scan area. The samples were measured in air,
so were covered by a thin, conformal oxide layer.

lll. RESULTS

The 20 K PL peak energy was used to estimate the band
gap energy for the GalnP layers, all lattice matched to the
GaAs substrate. The resultant energies for layers grown on
singular (001) and vicinal (3B) substrates are plotted versus
the free electron concentration due to Te doping in Fig. 1.
The band gap energy of disordered GalnP lattice matched to
GaAs is known to be approximately 2.° eV.™ As seen in Fig.
1, this is the PL peak energy observed for the layers doped
with Te to concentrations of >8x1017¢cm_3. For undoped
layers and those with Te concentrations of *£2X 1017cm-3
the band gap energy is 110 meV lower, at approximately
1.89 eV. Two factors might contribute to the blue shift in the
PL peak energy with increasing Te doping level. Filling of
the conduction band is known to shift the PL peak energy to
higher energies.19 In addition, a decrease in the order param-
eter will also cause a large blue shift.18 To estimate the mag-
nitude of the band filling effect, the PL peak energy was
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FIG. 1. PL peak energy vs electron concentration from Te doping. GalnP
(001) singular layers (¢) and vicinal layers (HI) were grown at 670 °C. Data
points (O) for Te-doped GaAs (001) vicinal layers (3B misorientation)
grown at 620 °C are shown for comparison. The lines were simply drawn to
fit the data points.

measured for GaAs layers versus the free electron concentra-
tion due to Te doping. The results, also plotted in Fig. 1,
indicate that over the range of Te doping causing the 110
meV shift in the PL peak energy, the GaAs peak position is
nearly constant. Since the conduction band density of states
is larger in GalnP than in GaAs, due to the larger effective
mass, band filling will begin at higher electron concentra-
tions in GalnP. This suggests that the most important effect
is due to loss of the CuPt ordered structure due to Te doping.

A more direct, but nonquantitative, measure of the de-
gree of order is obtained from TED patterns. Figure 2(a)
shows the TED pattern for the GalnP layers doped to 4.2
X 1016cm 3 grown on the vicinal substrate orientation. In
addition to the normal zincblende lattice spots, sharp spots
are obtained at the 1J2(111) position. The spots are very
intense, consistent with the high degree of order, approxi-
mately 0.5, deduced from the PL peak energy. Only a single
variant is formed due to the presence of [110 steps caused
by the substrate misorientation.2l The CuPt superspot inten-
sities are significantly decreased in Fig. 2 b for a Te doping
level of 3.1 10I7cm 3. The superlattice spots have disap-
peared for a free electron concentration due to Te doping of
2.1 X 1018cm-3. A similar decrease in the superspot intensi-
ties with increasing Te doping occurs for the singular (001)
samples, as seen in Figs. 2 d -2 f . Figure 2 d indicates the
presence of the two B variants of the CuPt structure, as is
common for singular (001) substrates.

The degree of order, S, deduced from the calculated de-

pendence of the 20 K PL peak energy on the degree of CuPt
order in GalnP lattice matched to GaAs

1”2
S={[2005_PL peak energy at 20 K(in meV)]J471}
1

is plotted versus the free electron concentration due to Te
doping in Fig. 3 a . For both singular and vicinal substrates,
the degree of order drops significantly as the Te concentra-
tion increases from 1017to 1018cm-3. The Te concentrations
necessary to destroy the CuPt order are seen to be slightly
(approximately a factor of 2) higher for the singular (001)
oriented samples than for the vicinal samples.
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FIG. 2. 110 TED patterns taken from Te-doped GalnP layers grown at
670 °C with various doping concentrations. Figs. 2(a)-2(c) are vicinal lay-
ers and Figs. 2(d)-2(f) are singular (001 layers. The free electron concen-
trations: (a) 4.2X1016, (b) 3.1X10n, (c) 2.1X1018 (d) 4.8X1016 (e) 2.1
X1017, and (f) 4.7X 1017cm-3.

The addition of DETe to the system also has a dramatic
effect of the surface structure, observed using the AFM. For
the singular (001) orientation, a mound structure (or wedding
cake morphology is formed for the undoped GalnP layers.
This is commonly attributed to the formation of a barrier to
adatom attachment at ‘‘down’’ steps on the surface.22 The
mounds are elongated in the [110 direction, indicating that
the step velocity during growth is higher for [110 than for
[110 steps. The three-dimensional (3D structure is com-
pletely eliminated for Te doping levels exceeding
1018c m 3 16 resulting in a surface that is atomically flat ex-
cept for widely approximately 1 m spaced monolayer
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FIG. 3. a Degree of order vs electron concentration from Te doping. b
Percentage of bilayer steps and average step height as a function of electron
concentration. Te-doped GalnP singular 001 layers and vicinal layers
(m) were grown at 670 °C. The lines were simply drawn to fit the data
points.

steps due to the slight unintentional local misorientation of

the surface. The [110 step spacing is also increased by a
factor of approximately 20 indicating a marked increase in
step velocity during growth due to Te doping. In addition,
the steps around the perimeter of the islands change from
predominately bilayers (5.8 A in height) to completely
monolayers as the Te doping level is increased, as shown in
Fig. 3b .

For undoped GalnP layers grown by OMVPE on vicinal
GaAs substrates, step bunching is well documented.23 The
undoped layers grown in this study exhibited this phenom-
enon with average step heights of 10 A. The steps were
monolayers at high Te doping levels, as seen in Fig. 3 ¢ .

IV. DISCUSSION

A considerable amount of information about the effect of
growth parameters on step structure has been published that
is relevant to this discussion. Considering first undoped ma-
terial, grown on singular (001) substrates using conditions
similar to those used in this study, which results in highly
ordered material, the steps are reported to be mainly bilayer,
with a small amount of step bunching.24 For growth on 3B
vicinal substrates at 620 °C the average step height was re-
ported to be 6 A;24 however, the current data, obtained at
670 °C, give a slightly larger value of 10 A.
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FIG. 4. [110] step spacing vs percentage of bilayer steps for singular (001)
GalnP layers grown at 670 °C. The diamond symbols were obtained by
changing the Te doping level with a fixed 3.0 Torr TBP partial pressure. The
square symbols were obtained by changing the group V partial pressure
from 0.75 to 9.0 Torr, using either TBP or PH3 in undoped GalnP.

The islands on singular (001) substrates in undoped ma-

terial are elongated, indicating a higher velocity for 110

than for [110 steps.25 The effect of decreasing the TBP par-
tial pressure has been reported to be a decrease in step ve-
locity or step spacing for the monolayer steps produced.2
The step spacing from this study is plotted versus the per-
centage of bilayer steps in Fig. 4.

The effect of the addition of Te at levels of 1018cm-3
is a change from bilayer to monolayer steps for the singular
(001) orientation16 and the elimination of step bunching for
vicinal substrates misoriented to produce [110] steps.17 For

singular substrates, the 110 step velocity is increased by a
factor of 20 when Te is added to the system16and the mound
structure observed for the undoped layers disappears. These
data are included in Fig. 4. A comparison of the dissimilar
effects due to changing the partial pressure of the group V
precursor and of the addition of Te to the system seen in Fig.
4 clearly indicates that the effect of Te doping is not simply
due to a change in the step structure from bilayer to mono-
layer.

A remarkable coincidence between the changes in the
degree of order and the step structure as the Te doping level
is increased can be clearly seen by a comparison of the data
in Figs. 3a and 3 b . The changes in both occur over ex-
actly the same range of Te doping. The surface reconstruc-
tion is found to be unchanged by Te doping at levels much
larger than those required to eliminate ordering.16 This
strongly suggests that the step structure change induced by
the addition of Te to the system is responsible for the change
in the degree of CuPt ordering, rather than a reduction in the
surface thermodynamic driving force for ordering.

The remainder of this section will be devoted to a dis-
cussion of how Te doping affects the step structure, as well
as the effect s of the step structure on the formation of the
CuPt structure at the surface during growth.

Consider first the effects of growth parameters on the
step structure of undoped GalnP layers. The formation of
bilayer steps at high values of the partial pressure of the P
precursor (p P) is attributed to the reduction in step energy
due to the elimination of dangling bonds by formation of a
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(2X2) reconstruction on the thin ribbon of {111} material
formed at the bilayer step edge.24 The structures, with P tri-
mers sitting on top of P atoms for [110] bilayer steps and on

top of group 11l atoms for 110 bilayer steps, are illustrated
in Figs. 5a and 5b . Both structures obey the electron
counting rule,27 so are expected to have no dangling bonds.
Examination of the diagram in Fig. 5 a indicates that for
[110 steps a group Il adatom (termed simply adatom in
what follows approaching the step edge will find the group
111 site either already occupied by a P atom belonging to the
P trimer or surrounded by P atoms without electrons to make
bonds to the adatom. Clearly, the ability of an adatom ap-
proaching the step edge to be strongly attached will be small
for this atomic configuration. An examination of Fig. 5a
indicates that the same problem is encountered for group Il
adatoms approaching the step from either the upper or the
lower (001) terrace. The qualitative similarity of the attach-
ment processes at ‘‘up’ and ‘‘down’’ steps suggests ap-
proximately equal sticking coefficients. As discussed later,
the presence of a large Ehrlich-Schwoebel barrier, resulting
in a low sticking coefficient at down steps, leads to step
ordering rather than bunching. If the sticking coefficients are
approximately equal, the bilayer steps will not bunch,2829 in
agreement with the experimental observations.

For adatoms approaching a [T10] step edge, the sticking
coefficients for both the upper and lower terraces would ap-
pear to be higher than for the [110] steps, explaining the
elongation of the islands in the [110] direction. As indicated
in Fig. 5 b, the group Ill adatom arriving at the step edge
where the P trimer is present will find the site vacant and
surrounded by 3 P neighbors. Thus, a P atom will not have to
be displaced before the adatom can be attached at the step.
However, a high sticking coefficient is not expected. The
electrons in the P atoms on the surface trimer are all ac-
counted for by formation of back bonds, trimer bonds, and
lone pairs, as indicated in Fig. 5 b , since the (2 2) recon-
struction satisfies the electron counting rule. Again, this
simple model is consistent with sticking coefficients at up
and down steps that are comparable in magnitude.

For lower values of p P in undoped GalnP, monolayer
steps form and it seems likely that the “‘dangling’’ P site at

the 110 step edge will be vacant due to the low P surface
coverage. This probably accounts for the adatom sticking
coefficient being even lower than for the bilayer steps
formed at higher values of p P in the undoped material, illus-
trated by the data in Fig. 4.

The relatively low sticking coefficients at the monolayer
and bilayer step edges in undoped material increase the op-
portunity for formation of the ordered structure, provided
that a surface thermodynamic driving force exists due to a

high concentration of [110] oriented P dimers on the (001)
surface.

The effect of Te on the step structure is believed to be
mainly caused by the destabilization of the (2X2) recon-
struction at the {111} A and {111} B step edges. The Te
added to the system is postulated, due to observed behavior
during molecular-beam epitaxy growth,30 to collect at the
surface and, particularly, at the step edge. The extra valence
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FIG. 5. Schematic cross-sections of (a) [110 and (b) [110 steps, without
Te doping. Bilayer steps with the P-trimer (2  2) reconstructions at the step
edges are shown.

Lee et dl.

[oo1]

£) Patom
Gouwp llatom
Te atom
[001]
Lo
[110]

()

FIG. 6. Schematic cross-sections of (a) [110 and (b) [110 steps with high
Te doping levels. Monolayer steps are postulated to have a relatively low
sticking coefficient for attachment at down steps, as indicated by the path-
way labelled “‘A.”

electron of Te, relative to the P which it replaces, will cer-
tainly change the electron counting at the surface and thus,
presumably, at high concentrations, remove the driving force
for formation of the (2 X2) structure shown in Figs. 5(a) and
5 b at the step edges. Obviously, the electron counting rule
will no longer be satisfied for these reconstructions. It is this
factor that is postulated to result in the formation of mono-
layer steps on singular surfaces, as observed experimentally.
Presumably, the dangling bonds due to Te on the (11n) sur-
face formed at the edge of a bunched step might also desta-
bilize the structure formed by step bunching for growth on
vicinal surfaces. This would be in addition to kinetic effects
at monolayer step edges, discussed later, that would reduce
or eliminate step bunching.

An examination of the schematic monolayer step struc-
tures shown in Fig. 6 b indicates that the adatom sticking
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coefficient at the [ 110] step edge from the lower terrace will
probably be large due to the formation of 3 bonds. This
assumes that the dangling P site is occupied, which is rea-
sonable for the values of p P and growth temperature used,
and ignores reconstruction of the atoms at the step edge.
Note that the sticking coefficient is expected to be low at
monolayer step edges in undoped materials, as discussed ear-
lier. However, this is due to the very low values of p P re-
quired to destabilize the (2X2) reconstruction at the step
edge in undoped material, which will result in the dangling P
site being unoccupied. The experimental data clearly show

that, indeed, the sticking coefficient is high at the 110
monolayer step edge for the conditions used for the growth
of the Te doped layers in this study: The step velocity is
more than an order of magnitude higher than for bilayer
steps in undoped material,16as seen in Fig. 4. The increase in
sticking coefficient acts directly to decrease the degree of
CuPt order. For example, a unity sticking coefficient would
yield a totally disordered alloy. The large amount of Ga-In
exchange necessary to form the lower energy ordered struc-
ture at the surface in the short time before the surface is
covered by the following layer suggests that a very low
sticking coefficient is required to form layers with the high
degree of order (approximately 0.5) observed experimen-
tally.

Examination of the model of [110] monolayer steps in
Fig. 6 b indicates that the sticking coefficient will be high

only for up steps. For attachment at [110] steps from the
upper terrace at down steps , the adatom will apparently
have to transit an intermediate position where the adatoms
are attached solely to the P or Te at the dangling sites. This
is expected to result in a significant Ehrlich-Schwoebel bar-
rier and, as a consequence, a lower value of sticking coeffi-
cient at the down steps than that at up steps. Similarly, the
illustration of the [110] monolayer step in Fig. 6(a) indicates
again that a step edge potential barrier will exist for attach-
ment at down steps since the adatoms must occupy a transi-
tion state bonded to a single P (or Te) atom.3L This kinetic
effect would add to the thermodynamic effect described
above accounting for the total elimination of step bunching
observed.

One additional piece of data relating to the effect of step

structure on the velocity and degree of CuPt ordering is also
of interest here. Lee et al.26 found that the change from TBP
to PH3 as the P precursor resulted in a significant increase in
the number of monolayer steps. However, this change from
bilayer to monolayer steps had no effect on the step spacing
step velocity . This was attributed to the effect of H ad-
sorbed at the step edge to passivate the dangling bonds for
growth using PH3 where the H coverage of the surface is
expected to be larger than for growth using TBP. Thus, the
results are consistent with the data and interpretations pre-
sented here. Since the step velocity was not increased, the
change from bilayer to monolayer steps had no observable
effect on the degree of CuPt order.

Finally, the elimination of 3D islands (or mounds) for
the growth of Te doped GalnP on “‘singular’” (001) sub-
strates is directly attributed to the high adatom sticking co-
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efficient at [110 monolayer steps (and kink sites on [110]
monolayer steps from the lower terrace. The resultant in-
crease in the step spacing at the island edges now exceeds
the “‘natural’’ step spacing due to the slight, unintentional
misorientation from (001). Assuming that the adatom diffu-
sion length exceeds the natural step spacing,2 this leads to
step-flow growth.

V. CONCLUSIONS

The addition of Te to the GalnP system during OMVPE
growth causes several significant changes. It causes an in-
crease in band gap energy. This is attributed to a reduction in
the CuPt order parameter observed from electron diffraction
results. Over the same range of Te doping that destroys CuPt
order the surface structure also changes markedly: the bilayer
steps observed for undoped layers for growth on singular
(001 substrates ‘‘dissociate’’ into monolayer steps. At the

same time, the 110 step velocity increases by a factor of
20 and the 3D mound structure disappears. For growth on
vicinal substrates, intentionally misoriented to produce [110]
steps on the surface, the step bunching observed in undoped
layers disappears as the Te doping level is increased. AFM
images show that surfaces for growth on both substrate ori-
entations become extremely smooth as the Te doping level is
increased. The coordinated change in CuPt order parameter
and step structure with increased Te doping suggests that the
change in step structure causes the change in ordering. Ear-
lier reports showed no change in surface reconstruction over
this range of Te doping level.

A model is presented that rationalizes the change in step
structure caused by Te doping. The high adatom sticking

coefficient at the monolayer [T10] steps formed due to Te
doping leads directly to the loss of CuPt ordering. This also
results in the elimination of 3D mounds on the surface dur-
ing growth by the addition of Te, since steps are present due
to unintentional substrate misorientation. The change in the
relative sticking coefficients at up and down steps due to the
transition from bilayer steps terminated by (2X2) recon-
structed surfaces to monolayer steps may be responsible for
the reduction in step bunching. Thermodynamic destabiliza-
tion of the (11n) facet at the bunched step edge may also
play a role.
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