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Experimental and theoretical investigation of Gg_,In,As surface reactivity to phosphorus
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Ga _,In,As surfaces appear to show different behavior when exposed to phosphorus, depending on the In
concentration. X-ray photoemission spectroscopy experiments provide information about phosphorus incorpo-
ration on several samples. Atomic-scale elastic energy calculations which include surface reconstructions
emphasize the role or dimers for phosphorus incorporation and show a reasonable agreement for experiments
that concern unstrained surfaces. Another roughening mechanism is proposed for strained surfaces.
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[. INTRODUCTION InGaP/GaAs superlattices. From photoluminescence mea-
surements, Aurandt al?! have shown that a GaP-rich layer
Heterostructures involving both arsenic and phosphorugip to 2 ML thick is formed at the GaAs surface when ex-
based Ill-V semiconductors are of interest for optoelectronig®osed to cracked phosphine for a few tens of seconds. Nev-
as well as for microelectronic applications. However, the epertheless, very few is reported on the reactivity of an InAs
itaxial growth of these structures with abrupt interfaces stillsurface exposed to a phosphorus flux.
remains a challenge whatever the growth technique used, In order to minimize the As incorporation in phosphides,
i.e., metalorganic vapor phase epitaxfMOVPE) or the exposure of arsenides to phosphorus prior to the growth
molecular-beam epitax¢MBE).1? Indeed, without any par- Of a phosphide layer is required. That is why we have studied
ticular care, the resulting interfaces are diffuse with signifi-the surface reactivity of GaIn,As alloys to a phosphorus
cant anion intermixing, due to various “memory effects” in flux. For a 500 °C substrate temperature, we find that, except
the growth system, related to the anion overpressure durintpr the InAs caseX=1), the surface roughens rather rapidly
growth and to the high vapor pressure of arsenic andind that roughening occurs faster in the alloy case than in the
phosphorus—® Both interfaces do not behave symmetrically GaAs one x=0). We show that these observations cannot
since As is more easily incorporated in a phosphide overlaydpe attributed to different amounts of phosphorus incorpo-
than P in an arsenide of@he preferred recipe for reducing rated in the layer, as determined by x-ray photoelectron spec-
anion intermixing involves a growth interruption at the inter- troscopy (XPS). Using valence force field calculations and
face during which the arsenide surface is exposed for a givetaking properly into account the surface reconstruction, we
time to a phosphorus flux or vice ver¥a®A tradeoff has to  show that the difference between GaAs and InAs is related to
be found for the best value of this exposure time which musthe elastic energy differences occurring upon phosphorus in-
be long enough to allow a good anion commutation but with-corporation in both systems. For the alloys, we show that, in
out degrading the interface quality. the case of an average alloy matched to its substrate, the
This kind of procedure then raises the question of thesurface reconstruction, mainly dimers, induces some alloy
reactivity of an arsenide surface to a phosphorus flux and ofrdering in the atomic layers very close to the surface, which
a phosphide surface to an arsenic flux. The most extensivelgnders less favorable phosphorus incorporataiove half
studied case is that of InP under an As pressure since & monolayeras far as surface keeps flat.
occurs directly when people make the InP substrate oxide
removal under an As overpressufdn this case, it has been Il. EXPERIMENTAL
shown that a thin InAs layer around 2 Mlmonolayers
thick is formed at the surfac@.The As/P exchange reaction Samples are grown by gas source molecular-beam epitaxy
at the InP(001) surface versus substrate temperature has rgn a Riber 32P reactor, using standard effusion cells for the
cently been investigated and the surface phase diagram hatements Il and cracked phosphine and arsine on undoped
been determined, confirming that the substitution of As for PGaAg001), InAs(001), and Fe-doped INR01) substrates.
is limited to the two or three outermost monolay¥t©nthe ~ We consider Ga ,In,As alloys with four different In con-
same surface, Yooet all’ and Yanget al'® have studied the centrations:x=0 (sample X0, 0.2 (sample X20, 0.53
influence of the V/IlI ratio or of the surface reconstruction on(sample X53 and 1.0(sample X100. The X0 sample is a
the formation of three-dimensional structures during As/P ex4000-A-thick buffer layer grown at 630 °C on GaAs. For the
change reaction. As regards GaAs surfacémssionet all®  X20 sample, we grow the same buffer layer followed by the
have shown that a MOVPE grown As-riad{4x4) GaAs  growth of a 100 A strained Galng ,As layer at 500 °C. The
surface reacts with PHto form a single-layer P-terminated X53 sample is a 1000-A-thick lattice-matchedG#ng sAs
structure for temperatures below 600°C. They have oblayer grown at 500°C on a 2000-A-thick InP buffer layer.
served that this structure is not stable at higher temperaturdgnally, the X100 sample is a 4000-A-thick InAs buffer
leading to surface roughening at 650 °C. This trend has beegrown at 500 °C on InAs. The growth rate for all samples
noted by Mahalinghanet al?° from TEM observations on lies in the 0.7-1.0 ML/s. range. After growth, the samples
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exhibit a clear (X 4) (samples X0, X53, and X10®@r (2

X3) (sample X20 reflection high-energy electron-
diffraction (RHEED) pattern, characteristic of As-rich sur-
faces. Then the InAs and the alloy samples are kept under an
arsenic flux for 2 min to allow surface smoothing before the
exposure to the phosphorus flux. On the contrary, GaAs
samples are cooled down to 500 °C, the arsenic flux being
interrupted below 550°C to preserve tf#x4) reconstruc-
tion, before the phosphorus exposiiB2SCCM phosphine
flow rate at 500 °C. Following this procedure, the X2)
GaAs surface ig82 type? whereas the InAs one is probably

a mixture betweerw2 and 82 structure$® As regards the
alloys, the (2<4) reconstruction occurring for sample X53

is probably closed to that of InAs due to In segregation,
leading to an In-rich topmost layer. For the X20 sample, the
observed (X3) reconstruction has been described
elsewheré*2® For all samples, during the cooling down to
room temperature, the phosphorus flux is interrupted when
the substrate temperature reaches 400 °C to avoid any phos-
phorus accumulation at the surface and the RHEED pattern
is monitored to ensure it remains unchanged. We perform
XPS measurements on some of the samples by transferring
them to the XPS chamber connected under UHV to the
growth chamber. The XPS system is a Physical Electronics
model 5600, modified by SINVACO in order to analyze %
3-inch MBE samples. We use a monochromatid<at x-ray ' .
source and an analyzer pass energy of 12 eV. Under these

conditions, the overall resolution as measured from the full
width at half maximum of the Ag 3d5/2 line is 0.55 eV. The
acceptance angle of the analyzer is set to 14° and the angle

bgtwe_en the incident x rays apd the analyzer is 90°. Th%aAs surface exposed for 5 mfa) and of a (2<4) InAs surface
direction of photoelectrons is given by the.polar angjeas exposed for 10 mirb) to a cracked phosphine flug SCCM at
referenced to the sample surface. To obtain angle-dependegfy .~

XPS results, the polar angle is varied from 25° to 75°. The

intensity of the various XPS core level§L's) is measured been examined éx sitd by atomic force microscopy
as the peak area after standard background subtraction a@FM), using a Digital Nanoscope I, working in the tap-
cording to the Shirley procedufé.Photodiffraction effects ping mode.

are often prominent on single crystdlsnd, as they super-

impose to the XPS signal variations relative to the concen- . RESULTS

tration gradient, they can make concentration profile deter- )

mination rather difficult. To minimize these effects, we A. RHEED and AFM observations

perform an average of the different XPS core level intensities Upon exposure to a 3-SCCM phosphine flow rate at
with respect to the azimutf. Then, we calculate intensity 500°C, for all samples except the InAs one, the starting
ratios between the P@R2and As 31 CL's with close binding RHEED pattern (2% 4) for samples X0 and X53, (23)
energies’ For the CL decomposition, we apply the decon-for sample X2Qis progressively lost with the appearance of
volution procedure proposed by Joyeeal*° In this proce-  arrow-headed shape spots in f#0] azimuth. This indi-
dure, the As 8 CL is synthesized using Voigt functions by a cates that the surface roughens as exposure goes on, resulting
doublet for the 3/2 and 5/2 components whereas thp B2  in a spotty pattern after a few minutéBig. 1(a)]. As re-

is modeled by a doublet for the 1/2 and 3/2 components. Theealed by the evolution of the intensity of a three-
branching ratios are theoretical ones and the splitting enedimensional(3D) Bragg spot(Fig. 2), roughening occurs
gies are fixed at 0.69 eV between Ads3 and As 35, and  more rapidly for the alloygafter roughly a 10-s exposure
0.85 eV between P2, and P 23,, which are typical time) than for GaAs(after 70 $. In the same way, the tran-
values for these core level§The best fit is obtained through sition from a 2D to 3D morphology is more abrupt for the
a least-square minimization procedure. The surface compo<53 sample than for the X20 one. On the contrary, for the
nents are modeled with the same parameters than the bulkAs sample, the RHEED pattern indicates that the recon-
component, i.e., the Gaussian and Lorentzian broadening agtruction first starts as (24), then changes towards (2
kept fixed for each component of a given CL. This broaden-x2) after 30 s exposure and turns back towards & 42

ing is chosen as that obtained onX2) GaAs and InP sur- pattern after 60 s. This pattefRig. 1(b)] is characterized by
faces analyzed in the same conditions. Finally, samples havatermediate streaks as bright as the main ones irj 1h€]

FIG. 1. RHEED patterns along tH&10] azimuth of a (2<4)
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. T T . X20 and X53 do not exhibit anymore a tendency to surface
Gay 47Ings;As/InP Gagglng,As/GaAs | roughening. In this case, the starting reconstruction under As
stabilization is a (X 3)—(4% 3) one for both alloys. Upon P
\ § exposure, this reconstruction vanishes within 10 s and turns
| to a (3x4) for sample X53 and to a (82) for sample X20
GaAs after roughly 40 s. When P exposure goes on, the RHEED
§ pattern keeps its 2D character for times as long as 10 min.
These findings are confirmed by the AFM observations.
They clearly evidence that the InAs surface is still smooth
. with clearly visible atomic stepid=ig. 3(d)] after rather long
exposure timeg10 min. On the contrary, for the other
samples, the surface becomes rough with small dots forma-
i d 5'0 a 160 d 1'50 d 260 : 5E) tion [Fig. 3(@—qg], even after short exposure timés few
tens of secondsThese observations indicate in which range
Phosphorus exposure time (s) kinetic limitations are ruling out surface roughening. In this
paper we will mainly focus on experiments at 500°C or

FIG. 2. 3D Bragg spot intensity evolution vs exposure time t0 amore, for which the near equilibrium conditions are fulfilled.
cracked phosphine flu8 SCCM at 500 °C for a (%X 4) GaAs, a

(2X3) GagngLAs, and a (X 4) Ga 44ngsAS surfaces.

3D Bragg spot intensity (arb. un.)

B. XPS measurements

azimuth and is similar to that observed on ax(2) InP In light of the above observations, upon phosphorus ex-
surface. In this case, we never detect any trend to a surfagesure, the surface morphology evolution seems to depend
roughening until 30 min exposure time which is the longeston the sample composition. That is why we determine the
we explore in this work. incorporated phosphorus in different samples before the on-
When increasing the substrate temperature to 600 °C et of roughening by XPS measurements. We perform them
650 °C for the X0 sampl¢GaAs, surface roughening tends on X0 after 60-s exposure, on X20 and X53 after 10 s, and
to occur more rapidly than at 500 °C. on X100 after 1-, 10-, and 30-min exposure at 500 °C. For
On the other hand, when decreasing the substrate tenx20, we also get XPS spectra after 5-min exposure at
perature to 450 °C during the phosphorus exposure, samplds0 °C. Figure 4 shows the measured intensity ratios be-
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0.0 nm 0.0 nm
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FIG. 3. AFM images of a (X4) GaAs surface exposed for 5 mfa), of a (2X3) Iny,Ga, gAs one exposed for 3 mith) of a (2
X 4) Ing 58Ga 47AS one exposed for 3 mift), and of a (2<4) InAs one exposed for 10 mif) to a cracked phosphine flu8 SCCM at
500 °C.
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it is necessary to assume the composition prefifgiori and

to calculate the related intensity ratios. For sake of simplic-
ity, we use a square profile with a constant phosphorus con-
centration on a given depth. For estimating the relative sen-
sitivity factor between As 8 and P 2 CL's, we use MBE
grown (2x4) GaAs and P-rich (84) GaP surfaces which
present very close surface compositions although their
atomic structures could difféf:** Moreover, XPS data are
recorded at normal emission from the surface in order to
minimize surface effects. The most relevant quantity is the

incorporated phosphorus amount, i.e., the total amount minus
the phosphorus amount lying in the outermost atomic plane,
this latter being too sensitive to the cooling down procedure

FIG. 4. P 2/As 3d XPS intensity ratios vs the detection polar t0 be meaningful. Since the determination of the incorpo-
angle with respect to the surface plane for sample$G#@A9, X20  rated P amount is not straightforward, we use the two differ-
(Ing sGay gAS), X53 (Ga sdng47As), and X100(InAs) exposed to a  ent methods described below.
cracked phosphine flu®@ SCCM at 450 °C or 500 °C. In the first method, we first try to get an estimate of the

) incorporated P amount by using the total Ad @nd P %
tween the P p and As 31 CL's versus the detection polar ypg intensities. We model the PofAs 3d intensity ratios
angle W'.th respect to the surface plgng. The decrease of theﬁging a square concentration profile. The results of the fit are
irstrlr?zimltr} mc;egsmg anhgle cIearlly md;cates tga(tj phosphoruinen in Table I, columns 3¢(P), and 4d(P), first line for
y located near the sample surface and does not P€Each sample. To interpret these results, we then consider two
etrate very deep in the sample. However, thepPCL does g .
not exhibit the high binding-energy componentT eV extreme casesi) in the first one, we assume that th_e su_rface
shifted from the main onecharacteristic of elemental phos- is terminated by a complete anion atomic plameich is
then the outermost atomic planéii) in the second one, we

phorus on both InP and GaP surfade®’ This indicates that Hat th tace | inated b | :
there is no phosphorus accumulation at the surface during tf°SUMe that the surface Is terminated by a complete cation

cooling down of the sample. From Fig. 4, at 500°C, it is plane (the first anion plane is then the second atomic plane
obvious that the amount of phosphorus in the(8aAg and ~ from the surfacg For the anion-terminated surfact(p) in-
X100 (InAs) samples after 60-s exposure is quite similarcludes the phosphorus of the outermost anion plane which
whereas it is smaller for the X20 and X53 samples after 10-§/¢ do not consider as incorporated. The incorporated P
exposure. amount is obtained by(P)*[d(P)—1] which gives the
From these experimental curves, it is possible to get atower value of the range reported in column 5 in Table I. On
estimate of the amount of phosphorus in the sample althougtie contrary, for the cation-terminated surface, the incorpo-
it is not possible to recover a unique concentration profilerated P amount is calculated \d&P)*c(P), which gives the
inside the sample, since different concentration profiles cahigher value of the range in column 5. Of course the actual
lead to a rather similar agreement with the experiment. Thesurface is in between these two extreme cases and that is

=

20 30 40 50 60 70 80
polar angle (°)

TABLE I. Phosphorus concentratiar{P) and in-depth penetratiath(P) as deduced from XPS measurements according either to the total
P 2p and As 3 intensities or to the bulk components extracted from the decomposition of the CL's.

d(P) : in-depth Total amount

Sample Method c(P) P penetratior{ML) of incorporated RML)
GaAs—500°C Total intensities 0.48 3 0.96-1.44
1 min Bulk component intensities 0.55 2 1.10
INAs—500°C Total intensities 0.48 3 0.94.44
1 min Bulk component intensities 0.58 2 1.16
INAs—500 °C Total intensities 0.68 4 2.62.72
10 min Bulk component intensities 0.77 3 231
INAs—500 °C Total intensities 0.72 5 2.88.60
30 min Bulk component intensities 0.84 4 3.36
Gay glng ,As total intensities 0.36 3 0.721.08
500°C—10s Bulk component intensities 0.46 2 0.92
Gay 474Ny 54AS Total intensities 0.32 3 0.640.96
500°C—10s Bulk component intensities 0.37 2 0.74
Gay glngAs Total intensities 0.84 3 1.682.52
450°C—10s Bulk component intensities 0.96 2 1.92
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why this first method only provides a lower and a higher 2000 T T - T T - T
estimate of the incorporated P amount.

To get more precise results, we use a second method il
which we decompose the BP2and As 31 CL’s in their bulk 1800
and surface components. We assume that the surface comp
nents are related to nonincorporated P and As, i.e., to P an~
As atoms which are located on the outermost atomic plane% 1600
whereas the bulk components are related to As and P atom®
located on the second anion atomic plane or deeper. In thio
Cl's decomposition, we assume two surface components a<= 4400 |
previously done for GaAs surfacésand for P-rich phos-
phide surfaced* Figure 5 shows a typical decomposition
of the P 2 and As 31 CLs. Doing so, for a 30 min exposure
time of the X100 sample, we only need one surface compo-
nent for the P ® CL at lower binding energy as in the pure
(2x4) InP surface cas&>° Then, after long P exposure
times, the P p CL of the InAs surface becomes very close to
that recorded on an InP §4) one, confirming the similarity \ i . . i i ;
observed in the RHEED patterns. Then we model thepP 2 130.5 130 1295 129 1285 128 127.5
and As 3 bulk component intensity ratios by a square con- Binding Energy (eV)
centration profile. The results of the fit are given in Table I,
columns 3,c(P), and 4,d(P), second line for each sample.
This method allows us to get a more precise value of the T T - - - - T T T
incorporated P amount, reported in column 5 5000 As3d

It is clear from Table | that the observed different behav-
ior from the roughening point of view between XGaAs
and X100(InAs) at 500 °C cannot be accounted for by a 4000 |-
significant difference in the amount of incorporated phos-uw
phorus. In the same way, the incorporated phosphorus@ -
amount before the onset of roughening is significantly lower 5
in the X20 and X53 samples than in the X0 sample. On the8
contrary, for sample X100 after 30-min exposure for which >. s
the surface is still 2D, the incorporated phosphorus amount i<
considerably larger than that determined before the onset 0§ 2000
roughening on sample X@aAs. This implies that the ten- €
dency to surface roughening upon phosphorus exposure car
not be directly related to a more or less important amount of 1000 |
incorporated phosphorus. Finally, we can also note the effec
of the growth temperature since for sample X20, at 450 °C,

Intensity (cou

1200

1000

3000

no surface roughening is observed after incorporation of 2- ok . . . . . . . L
ML phosphorus whereas at 500 °C, surface roughening oc 43 425 42 M5 41 405 40 395 39
curs for less than 1-ML incorporated phosphorus. Binding Energy (eV)

FIG. 5. Typical XPS core-level decomposition for p and As
3d (sample InAs after 1-min exposure time at 500°C). The takeoff
As the amount of incorporated phosphorus definitely can@ngle of the ph.oto_electrons is 25° with respect to the_surface plane.
not be the key parameter for the roughening onset, let us nowhaded areas indicate surfa(.:e c.omponentsz thel full lines are relqted
consider the strain induced by phosphorus incorporation. Fdp the bull_( one, the dashed line is the resulting flt, the dotted_llne is
the samples under investigation here, the phosphorus incotne gxperlmental data, and the dashed-dotted line is the residual of
poration tends either to induce a tensile strain in the surface fit
layer (for samples X0, X53, and X100or to reduce the
initial compressive straifor sample X20. For a given dis- the case. In the same way, this argument cannot account for
tribution of incorporated phosphorus, the mean induced terearlier roughening on sample X53 than on X0 sample.
sile strain is similar for X0, X53, and X100 samples. Taking Clearly, a more detailed picture is needed.
into account the amount of phosphorus incorporated in X0, When looking at an atomistic picture of the surface layer,
X53, and X100 samples determined above, it is clear that thene important feature to consider is the tendency of the qua-
surface roughening of X0 and X53 samples cannot be externary GalnAsP alloys to exhibit spinodal decom-
plained by the mean induced tensile strain since X10@ositiorr®=8to form GaP and InAs-rich regions. Consider-
sample should exhibit surface roughening too, which is notng thermodynamical calculations on spinodal decomposition

IV. MODEL AND DISCUSSIONS
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reported by LaPierreet al®*3" could be useful here for

sample X53 for which the incorporation of phosphorus leads

the resulting quaternary to fall inside the miscibility gap.

However, the same calculations predict that the quaternary

formed by P incorporation in the X20 sample falls mainly

outside the miscibility gap and do not predict any miscibility

gap for GaAsP. Then it is not possible to explain our results

by a thermodynamic description of the spinodal decomposi-

tion even if this decomposition is indeed an important factor

to be considered. Moreover, as outlined by LaPierre

et al,*®*%" the origin of the phase separation observed during

the growth of the quaternary GalnAsP alloys is probably

surface related and not a bulk effect. That is why we model

the systems from a microscopic point of view, taking into

account the surface reconstruction. Let us first present the [001]

results relative to the two binaries GaAs and InAs. |
[110]

(@)

A. GaAs and InAs cases

Since growth roughening is often related to the elastic
energy of the system, we describe the two systems we are
interested in by means of a valence force field model. We
choose, as in Ref. 39, a Keating’s descriptfand the pa-
rameters for GaAs, GaP, InAs, and InP are those of Ref. 41.
In our experiments, the elastic energy increase is due to the
replacement of As atoms by P ones. Thus we first calculate
the substitutional energy of P atoms in GaAs or InAs assum-
ing various surface reconstructions. First the simple and aca-
demic cases of (& 1) anion-rich and (X 2) cation rich are
considered, as they are very helpful for enlightening the
dimer role. For the anion-rich surfaces that present a (2
X 4) reconstruction, we only display results for tjg2(2
X 4) as we have checked that a2 (2xX4) leads to similar
results; this is due to equivalent surface corrugation and a
great amount of inequivaleat- and 3-type sites in the upper [001]
plane. As far as corrugation is concerned, our calculations
clearly demonstrate that this short-range corrugation is less (b)
efficient than dimers: phosphorus incorporates below ridges [110]
as well as below trenches. The key parameter is definitely the £ 6. Schematic drawing showing the existencexofind 8
presence of dimers: for@x1) anion-rich surfacéFig. 6@],  sites for the incorporation of phosphorus in the second anion plane
due to the presence of anion dimers, two different sites, from the surface either for an anion-rich¥2) reconstructior(a)
(below dimers or B (between dimeps occur on the anion or for a (1x2) cation-rich one(b). Filled circles are for cations,
plane just below the surface. As shown in Fig. 7, these tw@pened ones are for anions, gray ones are forattsites, and the
sites present a large difference in substitutional energy, igrossed ones for thg sites.
agreement with previous work.For a (1X2) cation-rich
surfacegFig. 6(b)], the inequivalentr and B sites are located Nevertheless, the observed difference in substitutional en-
in the second anion plane below the surface whereas for thergy is not sufficient to explain our experimental evidences
B2 (2x4) surface(not represented in Fig.)6one gets sev- since it considers only one single P atom in a GaAs or InAs
eral differenta-type andB-type sites located in the two up- matrix whereas, for a greater amount of incorporated phos-
per planes below the surface. phorus, elastic interaction between P atoms is efficient and
The calculated substitutional energy is roughly twice asneeds to be taken into account. To go further, we perform the
large in GaAs(average value—45 meV/solute atpthan in  elastic energy calculation for a given amount of incorporated
InAs (25 meV/solute atop This is mainly due to the bond phosphorus on a definite depth. In Figs. 8 and 9, we plot the
strength difference between GaP and InP which is also at thenergy difference between the system with and without phos-
origin of the difference between the interaction paramé&er phorus incorporation for the ¢(21) and (2<4) reconstruc-
involved in the calculation of the alloys mixing enthalffgr  tions, respectively. For these calculations, guided by the XPS
GaAsP, the mean value 6f is 35 meV(Ref. 42 whereas it results, we focus on an incorporated phosphorus amount
is 15 meV for InAsP(Ref. 43. ranging from 0.5 to 2 ML and extending 2 or 3 ML from the
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depth from the surface (ML) incorporated phosphorus (ML)
14 FIG. 8. Elastic energy differences between the systems with and
o v S aorich Gaas-asite | O g Phospharss moorporaton on
3 ol & (1x2) cation-rich GaAs:P - site : throe stomic ol > thg P ; P p
5 . O (1x2) eation-rich TnAs:P -q site wo or three atomic planes below the surface.
5 0.08 1 -@- (1x2) cation-rich InAs:P - 3 site . ) ) )
£ 0.06 we can infer that P incorporation occurs first on the most
T 04/ favorable sites«({ type) of. the first plane below the surface
S o0 and on the equivalent sites of the second plane below the
2 surface. Then, since diffusion is very weak in IlI-V semicon-
s ductors at 500 °C, the in-depth penetration of P is kinetically
@ 002 limited and P incorporation goes on with the occupation of
-0.04 - - - - - - the less favorable sites3(type) of the first plane under the
o 2 4 6 8 10 12 u surface. This leads to an important increase of the elastic
depth from the surface (ML) energy, especially in the GaAs case, which in turn would
explain the relaxation via surface roughening.
0.06
B. Alloy cases
3 : ' . .
2 0051 In this case, we have first to examine the surface dimer
§ - effect on the cation distribution. Indeed, for the X2)
g " cation-rich surface, we have shown abdw¥égs. §b) and
= 003 7(b)] that the presence of surface cation dimers leads to two
< 0.03
H inequivalent sites for P incorporation in the second anion
S o024 plane from the surfaceq( site below the dimersg site be-
-é 0.01 - -6~ (2x1) anion-rich InGaAs:P - (3, site twcrafen th?hdlmfbs |2 the fS?ITe v;/]ayij] fgrmar:’ anIFl)Inl_an ta"ciy
F o~ (2x1) anion-rich InGaAs:P - f, sie surface, the presence of the anion dimers will lead to two
0 ) 2 inequivalent sites for the Ga atoms in the second cation plane
0 2 4 6 8 10 12 14 16

0.14
depth from the surface (ML) -o—(2x4) anlon-rich GaAs:P - 2 planes

0.12

-6 (2x4) anion-rich GaAs:P - 3 planes

FIG. 7. Substitutional energy of P atoms in GaAs and InAs on]  -o-(2x4) anton-rich inds:P - 2 planes

matrix, considering either an anion-rich X2.) reconstruction(a)
or a cation-rich (X2) one(b), and in a Ig :Ga, As one for a (2
X 1) anion-rich reconstructioft).

-O- (2x4) anion-rich InAs:P - 3 planes

0.08

0.06

surface. The distribution of P atoms within the allowed two
or three atomic planes is got by minimizing the elastic en-
ergy of the system. Once again, energies are roughly twice ag
large in GaAs than in InAs. Moreover, in Fig. 9, one can note ¢
a rapid increase in the energy difference above 1.2 ML in- .0z ¢ ‘ ‘ ‘ ‘ ‘ . .
corporated phosphorus in the sample, if a two plane exten o507 "‘:gorpor‘a':e J ph;:phort:: ML) oo

sion is considered. This increase corresponds to P atoms

starting to occupy less favorablg-type) sites. This 1.2-ML FIG. 9. Elastic energy differences between the systems with and
value is in good agreement with the above XPS determinawithout phosphorus for GaAs and InAs considering @) recon-
tion of the phosphorus amount incorporated just before thetruction and assuming phosphorus incorporation on two or three
onset of roughening on GaA4.1 ML). Within this model, atomic planes below the surface.

rgy/unit area (eV/atom)
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0.1

—&- (2x4) anion-rich GaAs:P - 2 planes
—©- (2x4) anion-rich GaAs:P - 3 planes
—-®- (2x4) anion-rich InAs:P - 2 planes
-©- (2x4) anion-rich InAs:P - 3 planes
0.06 { —& (2x4) anion-rich InGaAs:P - 2 planes
—4- (2x4) anion-rich InGaAs:P - 3 planes

0.08

0.04

0.02

energy/unit area (eV/atom)

11 13 15

0.5 0.7 0.9 .
incorporated phosphorus (ML)

0.1
[110] —&-(2x4) anion-rich GaAs:P - 2 planes
—&—(2x4) anion-rich GaAs:P - 3 planes
—@-(2x4) anion-rich InAs:P - 2 planes
—-©-(2x4) anion-rich InAs:P - 3 planes
0.06 | 4 (2x4) anion-rich InGaAs:P - 2 planes
—4—(2x4) anion-rich InGaAs:P - 3 planes

0.08
FIG. 10. Schematic drawing showing the existencexaind 8

sites for the Ga atoms in the second cation layer from the surface o
Ing Ga sAs due to the presence of As dimers. Filled circles are for
cations, opened ones are for anions, gray ones are fod thiges,
and the crossed ones for tjgesites.

0.04

0.02

from the surface: a favorable one (ite) below the dimers
and a more energetic ong (site) between the dimer&-ig.

10). This implies that the second cation plane will present a
kind of ordering due to the anion dimers with Ga atoms <002+ :
preferentially below the dimers and In atoms preferentially 0 o7
between the dimer¥. XPS Ga 3i-In 4d spectra recorded at

25° and 75° polar angles reveal a significant bh gurface FIG. 11. Elastic energy differences between the systems with
component associated with In segregation as observed inaad without phosphorus for GaAs, InAs, ang 463, sAs consider-
previous worlé® Then, in our model, in order to take into ing (2X4) reconstruction and the nominal In concentration in the
account In segregation towards the surface, the upper catigi¢cond cation planéa) and a slightly In depleted second cation
plane(where all sites are equivaléris supposed to be purely Plane().

In. For simplicity, as far as X53 sample is concerned, we

assume that all other cation planes contain half In and halfiepletion just below the In surface plane: Fig(aicorre-

Ga atoms. In such a dimer induced surface ordered alloysponds to the nominal In concentration in the second cation
how altered arer and 3 sites for phosphorus incorporation? plane and Fig. 1(b) to an In depleted second cation plane

B sites keep repulsive, but a bit less repulsive than in binatthree In atoms and five Ga atoms in the surface unij.cell
ries, as phosphorus incorporation will induce InP areas, obUnder this assumption, the calculated phosphorus incorpora-
viously lattice matched to the InP substrate. This can bdion curves are in reasonable agreement with the experimen-
viewed in Fig. 7c): B site substitution energy in the first tal observation of the roughening of unstrained GaAs, InAs,
layer is significantly lower in the alloy than in the binaries and Ga 41ng s3As surface under phosphorus exposition.

[Fig. 7(a)]. On the other hand, the sites located below the These three systems are lattice matched to their substrate
dimer rows are no longer attractive from phosphorus incorbefore incorporating phosphorus. This is not the case for
poration point of view, but become slightly repulsive, as in-Gg, glng As on GaAs substrate. In this latter system indeed,
corporating P atoms in these sites creates lines of GaP bonghosphorus incorporation first tends to lower the mean strain
(Fig. 10, which are 7% mismatched to the substrate. Subin the alloy. This explains why, at low phosphorus exposure
surface anion sites are thus newetype, but slightly (3;) or ~ temperatures (450 °C), a rather great amount of phosphorus
strongly (8,) B type: that's why the phosphorus incorpora- is incorporated very fast near the surface, as reported in
tion curves for a X 1 anion-rich surface displayed in Fig. 8 Table I. For this reason, one would expect that, at usual
show InGaAs curvedtriangles lying significantly upper phosphorus exposure temperatures,qgdg.cAs would

than both InAgqcircles and GaAgdiamond$ curves. Thisis roughen later than GaAs. That is what the model shows if
the basic mechanism which explains why X53 roughens eamlne calculates the equivalent of Fig. 11 for this strained al-
lier than XO. If one turns to a more realistic<2 surface, loy: either one considers g2 2x4 reconstruction or the
surface cation ordering is a bit more complicated andmore realistic (X 3) (which also exhibits surface anion
InGaAs phosphorus incorporation curves lie clearly uppedimers, as shown in Ref. 25the GggngAs curves lie
than GaAs curves only if one takes into account some Ifower than GaAs ones. However, this comparison assumes

energy/unit area (eV/atom)

13 1.5

0.9 11
incorporated phosphorus (ML)

235314-8



EXPERIMENTAL AND THEORETICAL INVESTIGATION . . . PHYSICAL REVIEW B68, 235314 (2003

equivalent initial surface roughnesses in strained and urnder the surface ternafyzaAsP, InAsP or quaternaryGaln-
strained samples before phosphorus exposure. This is prosP) alloys, and thus govern the calculated phosphorus
ably not the case: the strained sample would probablyncorporation curves, which are in reasonable agreement
present long-range and smooth surface undulations, whicWwith surface roughening observations. Valence force field
cannot be detected by RHEED observations, in order t@alculations, taking properly into account the surface recon-
slightly relax the stored elastic energy. These undulationstruction, show that the difference between GaAs and InAs is
will favor the wirelike roughening which is observed on related to the elastic energy differences occurring upon phos-
AFM views (Fig. 3. Let us note that for the unstrained phorus incorporation in both systems. For the alloy matched
samples X0 and X53 the roughening morphology is dotliketo its substrate, the surface reconstruction, mainly dimers,
On the other hand, AFM view of a @dng 7As film grown  induces some alloy ordering in the atomic layers very closed
on an InP substrate and exposed to phosphorus also displatgsthe surface, which renders less favorable phosphorus in-
a wire-like morphology after roughening. Last, let us notecorporation(above half a monolayggas far as surface keeps
that if the phosphorus incorporation was enhancing the aveffat. In the case of strained alloys the roughening mechanism

age strain instead of reducing(g&.g., Ga7ngsAs on Inb, is completely differenflarge wires are used instead of ini-
both roughening mechanisms would compete. tially small dots which ripep and is related to initial smooth
undulations of the strained alloy film. In this paper we have
V. CONCLUSIONS chosen to focus on roughening mechanisms, but we have

also shown that this roughening can be experimentally

In this work we have studied the surface reactivity of ayoided by making use of the kinetic limitations associated
Ga,_4In,As alloys to a phosphorus flux, and we have shownyith lower substrate temperature.

that for a 500 °C substrate temperature, except for the InAs
case, the surface roughens rather rapidly and that roughening
occurs more rapidly in the alloy case than in the GaAs one.
These observations could not be attributed to different
amounts of phosphorus incorporated in the layer, as deter- We wish to acknowledge Dominique Deresmes for AFM
mined by x-ray photoelectron spectroscdp{PS). We have  measurements, C. Coinon for his technical assistance in the
proposed a model which emphasizes the role of surface re¢MBE experiments, and D. Vignaud for a critical reading of
construction, and more precisely of dimers: they tend to orthis manuscript.
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