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Structure of arsenic-treated indium phosphide(001) surfaces during metalorganic
vapor-phase epitaxy
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(Received 4 February 2002; published 22 July 2002

We have studied the initial stages of heterojunction formation during the metalorganic vapor-phase epitaxy
of indium arsenide on indium phosphide. Exposing an(®®) film to 10 mTorr of tertiarybutylarsine below
500 °C results in the deposition of a thin InAs layer from 1.5 to 5.0 atomic layers t8i&-7.5 A. The
surface of this epilayer remains atomically smooth independent of arsenic exposure time. However, in an
overpressure of tertiarybutylarsine at or above 500 °C, the arsenic atoms diffuse into the bulk, creating strained
InAsP films. These films form three-dimensional island structures to relieve the built-up strain. The activation
energy and pre-exponential factor for arsenic diffusion into indium phosphide have been determined to be
E4=1.7+0.2 eV andD,=2.3+1.0x 10 7 cn¥/s.
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INTRODUCTION In this work, we have characterized the initial stages of
InGaAs/InP  heterojunction formation during MOVPE
Compound semiconductors and their alloys are the kegrowth by x-ray photoelectron spectroscop¥PS), low-
materials for high-speed electronic and optoelectronic deenergy electron diffractioiLEED), and scanning tunneling
vices, such as heterojunction bipolar transistors, lasers, arfiicroscopy(STM). The surface roughness, atomic structure,
photodetectors: Indium phosphide materials have gained@and composition of the indium phosphide films during

interest recently due to their application in high-frequencydrowth interruptionst; andt,, have been determined as a
devices used for fiber-optic communicatiif. These opto- function of temperature and time. We find that arsenic atoms

electronic devices consist of alternating thin films of lattice-iNcorporate into only ﬂle top two to three bilayers of iondium
matched InGaAs, InGaAsP, and AP’ The interface struc- Pnosphide below 500°C, whereas at or above 500°C, they

ture between the alloy layers and indium phosphide have glffuse into the bulk crystal as well.
direct impact on device performant&8-1°In particular, the
interfacial layers may contain defects and exhibit composi-
tion gradients that reduce electron mobility, enhance nonra- |ndium phosphide films, 0.2@m thick, were grown on
diative carrier recombination, or alter quantum confinemenh-type vicinal InP(001) substrates in a horizontal MOVPE
energie$:™ Thus, in order to fabricate high-performance de-reactor:® The growth temperature and total reactor pressure
vices, one must control the interface structure on the atomiwere 535 °C and 20 Torr. Hydrogen carrier gas was passed
scale. through a SAES Pure Gas,Hburifier (PS4-MT3-H to re-
Metalorganic vapor-phase epitaXfyOVPE) is widely = move oxygen, nitrogen, water, and other impurities. Trimeth-
used to fabricate InP-based materfaBuring the growth of  ylindium (TMIn) and tertiarybutylphosphinéTBP) were
heterojunctions, e.g., InGaAs on InP, the group-V sourceised to deposit the films with partial pressures of 6.5
must be switched from phosphorus to arsenic. However, six 10 * and 1.3<10™* Torr, respectively. After deposition,
multaneous adsorption, desorption, and bulk diffusion of arthe InP crystals were heated in flowing hydrogen at 500 °C
senic and phosphorus atoms have made it challenging to falfor up to 20 min creating an In-rich surface. The samples
ricate atomically abrupt interfacés. Switching procedures Wwere then either transferred directly to the UHV system for
with growth interruptions have been implemented in an atsurface analysis, or remained in the reactor for TBAs expo-
tempt to solve this problem. This has led to many studies thagure.
focus on the effect of precursor switching procedures on ma-

EXPERIMENTAL METHODS

terial quality and device propertiég:>*?~*Most switching
sequences consist of a hydrogen annealing stepa brief N

exposure to arsind,, and then addition of the group-llI
precursors. This sequence is illustrated in Fig. 1. The flowing TBP

H, gas sweeps any remaining phosphine out of the MOVPE p—

reactor, so that no phosphorus is incorporated into subse-
quently deposited layers. Introduction of arsine or tertiarybu- BRI R R
tylarsine prior to the group-lll precursors ensures that the S ->
surface is group-V rich and prevents the formation of metal t, 1y Time

droplets at the onset of film growth. However, little is known
about the evolution of the semiconductor surface structure FIG. 1. Schematic of the precursor switching sequence during
during the hydrogen and arsine exposure steps. the growth of an InGaAs/InP heterojunction by MOVPE.
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FIG. 2. The mass spectrometer response to a reaction by- Hydrogen Interruption at 500°C (min)

product, propylene, during the introduction of tertiarybutylarsine to

FIG. 3. The dependence of the phosphorus coverage on time
the MOVPE reactor.

during exposure of the InFO01) surface to 20 Torr hydrogen at

500 °C.
Arsenic was introduced to the indium phosphide surface

by exposing the crystal to 10.0 mTorr of tertiarybutylarsinetime at 500

o f °C. The coverage is assessed from LEED pat-
at 350-600°C for 5-600 s. A mass spectrometer was af, g and STM images, which correspond to known surface
tached to the exhaust of the MOVPE reactor to monitor th

) ; . . _ Structures as described in the following paragraph. The as-
arsenic exposure in real tinf Figure 2 shows the instanta-

g ) . ; X grown InP film is terminated with 1.5 monolayeidL’s) of
neous increase in concentration of pyrolysis by-prodots  p 41oms. Annealing for 3, 15, and 20 min decreases the phos-
this case, propylenewhen TBAs was introduced into the

.phorus coverage to 1.0, 0.25, and finally 0.125 ML, respec-
reactor. After the exposure, the samples were cooled to 30 °¢ ely. Holding the InP film for longer times in flowing H
in an H, ambient at a rate of 4 °C/s.

20 . . results in surface degradation and indium droplet formation.
Periodically during the TBAs exposure, the indium phos- o and co-workers have determined the surface struc-
phide samples were analyzed by XPS, LEED, and STMy, e of |np (001 as a function of the phosphorus

Core-level photoemission spectra of the A P 2p, and In coveragé€® 22 At Gp=1.5MLs, a (2x2)/(2x1) recon-
3d lines were collected by a PHI 3057 XPS spectrometergy,ction is observed that consists of half a monolayer of

using aluminumk, x-rays (1v=1486.6 eV). The binding yho5phorus dimers adsorbed on top of a complete layer of P
energies of the As @ P 2p, and In 3 levels are 41.5, ,ioms. Desorbing the excess phosphorus yields a pure (2
133.0, and 444.0 eV, respectivélyThe As & and P D, % 1) phase withdp=1.0 ML. The (2x 1) is covered with a
photoelectrons exhibit the same inelastic mean free path Qfomplete layer of buckled phosphorus dimers, which are re-
~25 A8 All XPS spectra were taken in small area mode,aaed in STM images as zigzagging rows of g7ray s,

with a 7° acceptance angle and 23.5-eV pass energy. Thg, _ o5 ML, an indium-richo(2X 4) reconstruction is re-
take-off angle with respect to the surface normal was 25°. .,rqeq. The unit cell of this structure contains a single phos-

The indium phosphide surface structure was characterizegy s dimer sitting astride four indium dimers. As observed
using a Princeton Instruments low-energy electron diffractoy, yhe sTM, the P dimers from adjacent unit cells line up in
meter. In addition, filled-states scanning tunneling micro-

graphs were obtained with a Park Scientific Instruments Au_stralght rows extending along thel10] direction. At a

toProbe VP at a bias 6f3.6 V and a tunneling current of 1.0 sll;ghtly Igw_le_L.P coverage .Of ?]'125 ML, thi(Zg;li phase is
nA. Images were acquired on different areas of each samp served. This structure Is the same as dif ). except
for comparison. Height data were acquired from the sTmthat the P-P dimer in the top layer is replaced with a mixed

H 2
images at a resolution of 256256 pixels. These data were In-_Prhd|me(:jr_? hosphid ‘ . tomicall h
used to calculate the root-mean-squaras) surface rough- '€ Indium phosphide surtace remains atomically Smoo
ness: during the phase transition from a P-rich to an In-rich sur-

face. Figure 4 shows an STM micrograph of the In-rich sur-
1 — face obtained after annealing in 20 Torr flowing For 20

Rq= \/Nz[h(x,y)—h]z, (1) min at 500 °C. The surface exhibits atomically flat terraces
with an rms roughness of 1.1 A. A sharpX2) LEED pat-

whereh(x,y) is the surface height at locatiom,§), his the  tern is recorded for this sample. In addition, the reflectance

average surface height, amlis the total number of data difference spectrum is indicative of&2x<4) reconstruction
points. with the In-P and In-In dimer terminatidi:?*

Indium-rich (2x4) surfaces with phosphorus coverages
RESULTS of about 0.2 ML were exposed to tertiarybutylarsine in the

MOVPE reactor. The dependence of the arsenic atomic per-

In Fig. 3, the phosphorus coverage on the indium phoseentage on the exposure time and temperature is shown in
phide (001 surface is plotted against the hydrogen annealing=ig. 5. The As at.% was determined from the integrated
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FIG. 6. The dependence of the rms surface roughness on the
temperature of exposure to 10.0 mTorr TBAs for 300 s in the

FIG. 4. Scanning tunneling micrograph of the I{@®1) surface MOVPE reactor

after a 20-min H anneal in the MOVPE reactor at 500 °C
(image size=0.15x0.15um?). ) )

take of arsenic at these higher temperatures.
intensity of the 8 photoemission peak. The percentage rep- Flgu_re 7 _d|splqys an STM. picture OZ the _Ir_1P film after
resents the arsenic composition averaged over the electr@nealing itin tertiarybutylarsine at 350 °C. Initially, the sur-
mean free path, which is the top 25 A of the film. A rapid '€ exhibited an indium-rich (24) LEED pattern, whereas
uptake of arsenic is recorded over the first 10 s, followed byt the TBAS exposure, a weakX2) was recorded. Ex--
a much more gradual increase over 20—600 s. From 350 i@mination of the image reveals a random pattern of white
450 °C, the uptake appears to saturate at long times, whered8d gray spots from 30 to 60 A acToss and from 2.0t0 4.0 A
from 500 to 600 °C, the amount of arsenic in the near surfacd! height. These spots cover 85% of the surface. The inset
region is still increasing after a 600-s treatment in TBAs.PICluré shows a closeup of the surface after heating the
Furthermore, the As content of the film measured after 100 S2MPI€ t0 300 °C in ultrahigh vacuum to desorb some of the
goes up with increasing exposure temperature. For exampl@'S€nic. Below the white spots a series of uniform gray rows
at 350, 400, and 450 °C, the amount of arsenic at saturatiof@n P& seen that extend in thel0] direction. These rows
is 15, 18, and 20 at. %, respectively. exhibit thg zll%gag patte_rn of. the InP (0012X1)

The surface roughness of the indium phosphide films aftefeconstructiort* The vertical distance from the (21)
300 s of TBAs exposure is plotted as a function of temperal©Ws to the top of the white spots is one atomic layer. It is
ture in Fig. 6. The surfaces are extremely smooth up toncluded that the gray and white spots are due to clusters of
500 °C, exhibiting an average rms roughness of 1.4 A. Howarsenic atoms adsorbed on top of a full monolayer of As and
ever, theR, jumps to 9.5 and 20.0 A for treatments at 550 P aloms.

and 600 °C. As noted above, there is a continuous slow up-_ Presented in Fig. 8 is an STM micrograph of the InP film
after exposing it to tertiarybutylarsine at 500 °C. AX2)

LEED pattern is recorded before and after the treatment. The

50 L) L) L) L) L) ¥ . - . .
e O 350°C & 500°C image exhibits a mottled white, gray, and black pattern due
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FIG. 5. The dependence of the arsenic content in the near- FIG. 7. Scanning tunneling micrograph of the As:IfB01)
surface region on the time and temperature of exposure to 10.8urface after exposure to 10.0 mTorr TBAs for 300 s at
mTorr TBAs [symbols: experimental data; lines: fit of the data to 350°C (large image size0.13x0.13um?% inset image
Eq. (1D)]. size=400x400 A?).
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. : : ) FIG. 10. Scanning tunneling micrograph of the As:I(®1)
FIG. 8. Scanning tunneling micrograph of the As:IGB0
surface after expoiure to fo 0 m'%orrp TBAs for 300 DS atsurface after exposure to 10.0 mTorr TBAs for 600 s at 550 °C
. : . 5
500°C (large image size 0.13x0.13um?; inset image size (image size=0.32<0.32,mm).
=750x 750 A2). : . . .
) right side of the picture. The random pattern of the islands

. made it impossible to obtain atomic-scale images of the sur-

to two-dimensional islands that are elongated in [th&O] face.
direction. The black-to-white contrast encompasses only An STM picture of the InP surface after exposure to ter-
three bilayers of the crystal. This sample was annealed itiarybutylarsine for 600 s at 550°C is shown in Fig. 10.
ultrahigh vacuum at 300 °C for 15 min to remove any ad-Much larger islands are observed than those recorded follow-
sorbed carbon and other impurities. Then the magnified STNhg the 300-s treatment. The islands average approximately
image shown in the inset was obtained. In this picture, ond000 A in width by 150 A in height. Also evident are ridges
sees gray rows running parallel to the10] axis. The row and valleys crisscrossing the surface. This large-scale rough-
structure is characteristic of the ¥2) reconstruction found €ning of the surface corresponds with the continuous gradual
on GaAs and InA%001) surface€°~3°Each (2 4) unit cell uptake of arsenic at long exposure times, as recorded in
consists of two As dimers separated by a trench that contairfslg- 5.
either two Ga dimers, or a third As dimer, yielding arsenic
coverages of 0.5 and 0.75 ML. The surface structure seen in DISCUSSION
Fig. 8 is obtained following exposure to TBAs at tempera-
tures up to 600 °C, provided that the annealing time is kept
below 10 s. During the hydrogen interrupt, , in the MOVPE reactor

In Fig. 9, a large-area STM micrograph of the InP film at =500 °C, the amount of phosphorus on the InP surface
surface after treatment in tertiarybutylarsine for 300 s adecreases from about 1.5 to 0.125 ML. Phosphorus desorp-
550 °C is presented. No LEED pattern was discernable folion occurs with a smooth transition in the surface recon-
this sample. The original flat terracésf. Fig. 4 are no struction from (2<2)/(2X1) to pure (2<1) to o(2X4)
longer present. Instead, they have been replaced by threand to 5(2x4). Throughout this process, the RMS rough-
dimensional islands whose width varies between 100 angless remains constant at 1.1 A. However, if the growth in-
250 A and height ranges from 30 to 75 A. Some of theterrupt proceeds for too long in time, indium droplets can
islands have coalesced into larger structures as seen on tf@@m which may destroy the sample. Our findings agree with
previous studies of this phenomenon, in which the InP film
was monitored in situ by reflectance difference
spectroscopy! During H, annealing, the optical spectra in-
dicated that the surface undergoes a rapid transition from a
P-rich to In-rich reconstruction without any roughening. At
625 °C, this transition occurred in 1$1t should be recog-
nized that the exact process parameters needed to achieve a
given phosphorus coverage depend on the temperature, total
pressure, hydrogen flow rate, and individual reactor design.

Hydrogen interrupt

Low-temperature TBAs exposure

At 350 to 450 °C, the adsorption of tertiarybutylphosphine
on the indium-rich InR001) surface follows Langmuir-like
behavior. The arsenic content rises rapidly at first and then

FIG. 9. Scanning tunneling micrograph of the As:I@®1) sur-  levels off to a constant value independent of time. The LEED
face after exposure to 10.0 mTorr TBAs for 300 s at 550°Cand STM results indicate that the saturation coverage of
(image size=0.30x0.30 um?). group-V elements decreases with increasing temperature:
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0p~1.5 ML's at 350 °C, whiledp~0.75 ML at 450°C. By Alternatively, arsenic dimers present in the gas may displace
contrast, the XPS data show that the amount of arsenic in th@dsorbed phosphorus dimers:

near-surface region increases with increasing temperature: . L

15% at 350 °C vs 20% at 450 °C. These findings lead us to INP(s)+ 2 ASz9— INAS(5) + 3 Pa(g). (©)

conclude that at the higher growth temperature, the As ator'n.'fhe standard heats of reaction of E(®.and (3) are calcu-

replace the P atoms in the first two to three bilayers of thqated to be—29 0 and 4.5 k3/mol at 500 °C. In addition. the
crystal. In other words, a coherently strained indium arsenid%ibbs free enérgies of' reactioG. ) at.500 oC eqL]aI
rxn

film, about 7.5 A thick, is deposited on the indium phosphide_Bl.5 and—3.5 kJ/mol, respectively. The heats of forma-

;iourrr;ngdeﬁgc;ilrjtrﬁetroagggsp t?é r?l?;)k é:s. S;é:s t_lrllhsl sth|!5n igln;grr]::?on’ entropies and heat capacities of InP, InAs, PH;,
ment with previous work that found evidence for the forma-/\S2: and AsH have been obtained from published thermo-

. : ; . dynamic datd:**-*°Although we have not been able to find
ggg_gfzoaoc'.?ﬁ,‘arp' two-dimensional InAs/InPinterface atthermodynamic data for TBAs and TBP, these organometal-

Li et al®® have identified the surface structures obtainecIIC sources are expected to behave similarly to théid;

after arsenic adsorption and exchange with phosphorus O%ounterparts. The negative vaIue_sAiBrxn imply that reac;
indium phosphide under ultrahigh vacuum conditions. Thet|ons(2) and(3) are thgrmodynamlcally favorak_JIe at 500 C’.
reconstructions observed here are analogous to those seengi])l(ﬁ:hg;egqsv?tthvtvr']t: I;hgssm?ggéggﬂgher studies of arsenic
UHV. At about 300 °C, tertiarybutylarsine decomposes on ang . . .

It is proposed that the arsenic atoms incorporate into the

the indium-rich InR001) surface and deposits more than one. . h h I hani
monolayer of As atoms, generating a disordered< 4} !”d'“”? phosphide crystal V|a.éa.Frank—Turnbu mechanism
phase. This structure consists of small clusters of As dimergWOIVIng phosphorus vacancies:

adsorbed on top of a complete layer of4AB atoms; much
like that seen in the STM images presented in Fig. 7. At

temperatures ranging from 350 to 400 °C, phosphorus deyherei , represents an arsenic atom at an interstitial Sge,
sorption accompanies arsenic adsorption, with the As atomg 5 phosphorus vacancy, andgAs an arsenic atom occu-
exchanging into the group-V sites in the top three bilayers ofying a phosphorus lattice site. Phosphorus desorption above
the crystal. Two types of reconstructions are seen on thesgsg oc creates vacancies near the InP surt&t&These mi-
InAs/INP heterostructures: th#2(2x4) anda2(2X4) with  grate into the bulk as anions move upward to fill these
2-As dimers exposed on the surface. sites**4® Upon exposure to an overpressure of tertiarybuty-
larsine, arsine, or arsenic above 500 °C, As atoms can be
driven into the bulk to fill the vacant group-V sites. A similar
mechanism has been observed for phosphorus diffusion in
Arsenic incorporation occurs in two stages when the in-gallium arsenide below 900 °#.
dium phosphide is exposed to tertiarybutylphosphine above A differential mass balance for arsenic diffusion into in-
500°C. In about 10 s, the As atoms exchange with the Rlium phosphide is given by
atoms in the first 7.5 A of the crystal, forming an ultrathin
InAs film. Then with increasing exposure time, the arsenic INAs  _as 3*Nas
slowly migrates into the bulk InP. This generates a thick ot e gy2 - ®)
InAsP film, which is highly strained due to the large lattice
mismatch with the substrai@.2% between InAs and InP  Here, N, is the arsenic concentraticiatoms/cr), Df;\f? is
To relieve this strain, the film reorganizes into three-the effective diffusivity of arseniéc?/s), tis time (s), andx
dimensional islands as seen in the two STM images preis distance(cm). The effective diffusivity depends on tem-
sented in Figs. 9 and 18. perature according to the Arrhenius relationship,
Our results agree with previous studies of indium gallium
arsenide deposition on indium phosphidé*—® Sudo As —Eq4
et al®? observed that during a TBAs growth interrups)( at Der=Do exp( kB_T) , (6)
650 °C, the ellipsometer signal stayed constant for a few sec-
onds, then gradually drifted upwards with longer exposurevhere E4 and D, are the activation energfeV) and pre-
time 32 The signal shift was due to surface roughening thaexponential factofcn/s) for As diffusion, andkg is Boltz-
the authors believed was caused by three-dimensional islantlann’s constanteV/K). As discussed above, the surface of
formation. Several other researchers have reported that ighe InP film is immediately replaced with a 7.5-A-thick InAs
lands are produced when InP is exposed to arsine abouayer upon exposure to tertiarybutylarsine. Consequently, the
500 °C in an MOVPE reactdr. ' initial and boundary conditions correspond to a constant-
Arsenic exchange for phosphorus can follow two differentsource diffusion model where the solution to E§). is given
pathways$ In one case, arsine may react with the surfaceby the complementary error functidf,
generating indium arsenide and phosphine:

iAS+ VPH ASp y (4)

High-temperature TBAs exposure

X
Nas=0.9Nt erfc—=——, (7)
INPs)+ AsHz9— INAS(5) + PHs(g). 2 2Dt
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with Nt equal to the total atomic density of the InAs film -37 v T T —r-r
(atoms/cm).

The XPS data presented in Fig. 5 document the diffusion
of arsenic into the bulk at temperature$00 °C, since the
As 3d emission intensity arises from atoms dispersed over
the first eight bilayers of the film, i.e., 25 A. However, folded
into the measured intensity is the concentration profile given
by Eg. (7) and the scattering of the photoelectrons by the
crystal lattice. This latter process may be described by the
following equation?®4°

In D (cm%s)

—X
I =exXp —————, 8 - " 2 N PN
he p(?\As' CO&M)) & B i 1z 1%
wherel 5q is the normalized As @ peak intensity for an InAs 1000/T (K™)

surface,\ 5 is the electron inelastic mean free path, 25 A, e
anda is the take-off angle, 25°. In E@8) it is assumed that FIG._ 11. The o!ependence of the arsenic diffusivity in indium
the photoelectrons are being ejected from a thick indiunPhosphide on the inverse temperature.

arsenide film. However, in the present case, arsenic has begry, N7 . This yielded an As content of 20 at. % for the ultra-

substituted for phosphorus in indium phosphide, and thenin |nAs film. For odd atomic layers below the fifth one,
depth-dependent intensity must be multiplied by the fractiony, - was calculated from Eq7).

of group-V sites occupied with As atoms, i.e., The effective diffusion coefficient has been determined by
obtaining the best fit of Eq11) to the data presented in Fig.
Lasine= (2Nas/Np) -l as. © 5. The dotted, dashed, and solid lines in the figure represent
Similarly, for the normalized intensity of the Pp2photo-  the fits at 500, 550, and 600 °C, respectively. The values
emission line, obtained forD%$ are presented in Fig. 11 as a function of the
inverse temperature. The activation barrier and pre-

—X exponential factor are estimated to be .2 eV and 2.3
Ipnnp=(2Np/N1)- exr{m). (100 +1.0x10 7 cm/s. Our results agree with those of Gillin
) . and co-worker$,who measured a 1.7 eV activation energy
Here, Np is the phosphorus concentratigatoms/cr) and  for arsenic interdiffusion in INGaAsP alloys.
\pis the inelastic mean free path of the P ghotoelectrons.
Note thathp=X\ =25 A,*¥1° which is consistent with the CONCLUSIONS

observation that the As and P atomic percentages always sum . L . .
to 50+ 5%, irrespective of the arsenic uptake. We have characterized the initial stages of heterojunction

The measured intensity of the arsenic and phosphorurmation in metalorganic vapor-phase epitaxy of indium ar-
lines is obtained by integrating Eq) and (10) over dis- senide on |nd|um_phosph|d.e. The hydrogen growth_mterrupt,
tance. To calculate the arsenic atomic percentage, the Ag. and the arsenic growth interrup, have a strong impact

peak intensity must be divided by two times the sum of the®" the composition and structure of the interface. During
As and P peak intensities. Thus, by combining E&8, (9) tertiarybutylarsine exposure below 500 °C, arsenic atoms ad-
and (10), and integrating them v;/e have ' sorb and replace the phosphorus atoms in the first three bi-

layers of the crystal, generating an ultrathin InAs film. Con-

" —X versely, during TBAs exposures of 10 s or more above

JoNas- ex m : 500 °C, arsenic atoms diffuse into the bulk crystal, creating
S

As(atom%) = (11 strained indium arsenide phosphide films that transform into
Nefo exp( _—X) dx a three-dimensional island structure.
0 Aps® COS @)
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