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COMMUNICATIONS

In situ monitoring of the surface reconstructions on InP(001) prepared
by molecular beam epitaxy

K. B. Ozanyan,® P. J. Parbrook, M. Hopkinson,” and C. R. Whitehouse
IRC for Semiconductor Materials, Department of Electronic and Electrical Engineering,
University of Sheffield, Sheffield S1 3JD, United Kingdom

Z. Sobiesierski and D. |. Westwood
Department of Physics and Astronomy, University of Wales College Cardiff, Cardiff CF2 3YB,
United Kingdom

(Received 3 January 1997; accepted for publication 27 March)1997

Reflection anisotropy spectroscoflAS) and reflection high-energy electron diffractiRHEED)

were applied to study clean I(P01) surfaces prepared by molecular beam epitédBE). At
phosphorus beam equivalent pressu(BEPY between 3.%10 ' and 3.5¢10 °® mbar and
substrate temperaturd@ ) falling from 590 to 150 °C(2x4), (2X1), (2X2), andc(4X4) RHEED

patterns are observed. The main RAS features, observed at 1.7—-1.9 and 2.6—2.9 eV are assigned to
In and P dimers, respectively. The above reconstruction sequence is associated closely with
transformations identified in RAS signatures that are induced by progressively increasing the P
surface coverage. The RAS results also imply the existend@>%#)a and (2xX4)8 phases. A
surface-phase diagram for MBE-grow®02) InP, in the whole range of ¢ and phosphorus BEPs

is proposed. ©1997 American Institute of Physids$S0021-897€7)00113-4

As evidenced by well established surface characterizagrucial to set up a RAS database that includes the largest
tion techniques such as reflection high-energy electron difavailable variety of materials and growth conditions.
fraction (RHEED), the (001) GaAs surface exhibits a variety RAS spectra of InP under MOVBEnd CBE*® condi-
of reconstructions depending on the substrate temperatui®ns have been published recently. A combined RAS and
(To) and the overpressures of the group Il and group VRHEED study in a CBE environment has allowed the corre-
elements. The surface-phase diagrams of other importaftion of RAS features with the observe#x4) and (2X1)
-V materials like InP, InAs, GaP, and their ternary alloys Surface reconstructiofisprepared by varying the beam
have also been studied, but in much less detalil. In the case 8fluivalent pressuréBEP) of the P precursor at a constant
the InNR0O0Y) surface(2x2), (2x1), and(2x4) RHEED pat- 1=500°C. A surface-phase diagram appropriate for
terns have been observed under solid-sdurand MOVPE conditions in the narrow temperature range 470—
gas-source molecular-beam epitaxyMBE) conditions, as 550 °C has been pr%posed on the basis of a surface photoab-
well as under chemical-beam epitax¢BE).2 The micro-  SOTPION(SPA) study: .
structure of the2x4) phase has been studied by low-energy W€ have performed a combined, by RAS and RHEED,
electron diffractionLEED),* time-of-flight scattering and re- 1N Situ investigation of the surface of @01) InP layer after
coiling spectrometry(TOF-SARS,* and more recently, by homoep_ﬂaxml growth in a MBE_ chamber. '!'he temperature

: : : 5-7 was varied from 150 to 590 °C, in a much wider temperature

scanning tunneling microscogBTM). .

The above mentioned charged-particle surface probes (ange than has been previously reported, and the phosphorus

. . . . e\B_EP was independently set to values betweex3® ’ and
quire vacuum ambients and are not compatible with growt

. : . 3.5X 10" ® mbar.
techniques such as metalorganic vapor phase epitaxy The growth took place in a VG Semicon V8OH MBE

(M.OVPE)’ hence optical probes are called for. REﬂeCtionmaChine equipped with solid sources for In and cracked P
anisotropy spectroscopRAS) has been shown to meet the (P,). With the only viewport available on the growth cham-

needs for a reliablen situ monitoring tool, applicable to p.. jedicated to the RAS monitoring systefiy, was mea-
ultrahigh vacuum, as well as to gas-phase environmentg,req with the help of a thermocouple in contact with the
Identification of surface phases by RAS is made possible by pstrate holder. Readings from the thermocouple were cali-
relating a specific spectrum to known RAS “signatures” thatprated by preliminary pyrometer measurements. After clean-
are verified by other surface monitoring tools. Therefore, foing the InR001) substrates from the surface oxide under a
the further development of the RAS technique, as well as fop, BEP of 3.5 10°® mbar, nominally 0.2zm-thick layers

an adequate understanding of the surface conditions and thejlere grown on-axis at 510 °C. RHEED was monitored im-
implications for the crystal growth process in general, it ismediately before and after the RAS scans, which typically
took about 3 min to complete, as well as being verified in

3Electronic mail: K.Ozanyan@Sheffield ac.uk separate temperature runs, undertaken for RHEED purposes
PEPSRC Central Facility for 1l-V Semiconductors. only. Several RHEED patterns were observed with falling
474 J. Appl. Phys. 82 (1), 1 July 1997 0021-8979/97/82(1)/474/3/$10.00 © 1997 American Institute of Physics
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FIG. 1. RAS in the highest, range(P-BEP=3.5x 10~ ° mbas, correspond-  FIG. 2. RAS in the intermediat€ range(P BEP=3.5x 10" mbayj, cor-

ing to the (2x4) RHEED pattern. The spectra behave differently in the responding to the transitioné2x 1) and(2X2) reconstructions. The 1.7 and
temperature regions separated by the dashed line at 510 °C, indicating tf&6 eV peaks from Fig. 1 move continuously to higher energies, and the
presence of two phase®@) (2x4) and(b) (2x4). region between 3 and 4.5 eV becomes flat.

temperature(2x4), (2x1), (2x2), andc(4x4). The usu- Served, are grouped together in Fig. 2. The characteristic
ally clear and sharg2x4) pattern was observed to deterio- trend here is the continuous shift of the 1.7 and 2.6 eV struc-
rate for Ts>570 °C, indicative of surface roughening. Al- turesto higher energies and the transformation of the camel-
though considerably weakened below 500 °C, thel  backinto an almost flat region between 3 and 4.5 eV. At the
periodicity was still observable down to 470 °C. At lower lowest temperature in this range, a positive structure has ap-
T, (2X1) and(2%2) patterns were observed over a compara-Peared at around 1.9 eV, close to the position of the formerly
tively short temperature range and with a diffuse boundaryegative 1.7 eV peak.
between the two. At a PBEP of 3.5<10 % mbar andT, The spectra corresponding to the lowdstrange are
=370, 360, and 340 °C weak(4x4) RHEED patterns shown in Fig. 3. The RAS signal is positive and no essential
were observed. The existence of half- and quarter-ordegpectral shifts are observed for the peaks at 1.9 and 3 eV.
streaks on the images recorded under these conditions wa§€ prominent enhancement of the anisotropy between 3.5
additionally verified by digital enhancement and noise reducand 4.5 eV transforms this initially flat region into a domi-
tion by averaging over consecutive scan lines. To our knowlhant bulge.
edge, this is the first report of the observation af(4x 4) In analogy with results from GaAS,it is assumed that
reconstructed001) InP surface. The RHEED pattern quality the main RAS features at 1.7-1.9 and 2.6-2.9 eV are due to
degraded rapidly below 340 °C. In dimers and P dimers, respectively. This is in agreement
RAS was applied in the range 1.5-5.5 eV by means ofvith the interpretation of RAS from MOVPE InPUnder
an in-house constructed system of the “optical bridge” de-Solid-source MBE conditions no combination dfs or
sign of Aspnest al! To suppress the sensitivity to strain in P2:In flux ratio has been reportédo yield a(4x2) pattern
the viewport window, the spectra were recorded as the redn the(001) InP surface, which agrees with our observations.
part of the normalized anisotropy A (2X4) RHEED pattern has been observed for static con-

A_'r: F110— 110 1

T Tiotrue

wherer is the complex reflectance with the incident light

polarized along the direction specified by the subscript.
Figure 1 shows the evolution of the RAS spectraTgr

in the range where thé2x4) RHEED pattern is observed.

The two most prominent features are the negative peak at 1

eV and the positive peak at 2.6 eV. Between 590 and 510 °(

the spectra shift parallel to one another towards positive val

ues, preserving the overall shape. A change in this behavic =

occurs at about 510 °@lashed spectrumThe 1.7 eV peak 05 . . ‘ . .

decreases towards the zero, whereas no further changes te 1 2 8 4 5 6

place in the intensity and position of the 2.6 eV peak. Simul- Energy [eV]

taneously, the “three-buckle” shape flattens between 3.5 an'qIG 3 RAS in the | T (P BEP-3.5¢10°5 mbay. Th

4.5 eV resulting i.n a “camelpgck” overall spectral shape. (4§<4j RHEEIIDn pat?erzv;ls ibge:?/zgeonly between 340—3?(1) ?CD: Thee RAS
The spectra in the transitional region between 490 andignature consists of positive peaks at 1.9 and 3 eV together with the flat

420 °C, where(2xX1) and (2x2) RHEED patterns are ob- region between 3.5 and 4.5 eV that evolves into a prominent bulge.

RHEED: c(4x4), 340-370°C

15|
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1000/T K] [1?)] orientation for any of the RAS experimental points, we
24 1.6 1.3 have proof that this behavior coexists with tieé4x4)

o Qo & i 7 phase. One possible explanation may be the different nature

O O OO0 OWWW‘VAVM A of the optical and RHEED probes. While RHEED samples
T c(4x4) Fi i B A long-range order, optical techniques are sensitive to local
£ & HE P\ electronic transitions. However, it is worth emphasizing that
o ® c(4x4) RHEED| i - . . . .
i ® (2x2) RHEED| Q<> @ A A the expectation of a sign reversal in the group V dimer signal
g0k ¢ {iiB RHEED »-M— P a is based mainly on studies related to GaAs. Recently, direct
& 1[ |Qclax4) RAS i ox1)i analogies between different Ill-V compounds have been
£ ggﬁ; 222 E (2x4) questioned by suggestions that the microstructure of the

T X exae Ras ol OOCIA M A (2x4) reconstruction of GaAs and 16801 surfaces may

I |V @xap RAs ] differ substantially. STM imagéwf the latter surface, pre-

2 00 200 500 pared in the absence of a group V amosphere, reveal

Temperature [°C] threefold-coordinated structures interpreted by the authors as

trimer units of P adatoms. Our results do not call for the

FIG. 4. Surface phase diagram (f01) InP under MBE conditions. The 'nVOIVemen_t of P trimers in any of t_he ObserVEd (Al

closed and open symbols indicate RHEED and RAS results, respectivelyeconstructions. It is pOSSIBIde to build a microstructure

The tentatively drawn lines separating the phases show a diffuse boundapngdel for the INPO01) c(4x4) surface that is based on P

between the2x1) and (2x2) reconstructions. dimers oriented alonfL10], as well as on 175% P coverage,

and that satisfies the electron counting rdfeZhus, while

retaining some basic features from the G@®d) case, this

i o icrostructure would also comply with the RAS signature.
and consequently both P-stabilized as well as In-stabﬂueé?o establish the model in detaiFI) yhowever additiongal proof

(2x4) reconstructions have been considetéd.the case of ¢ th ; itoring techni dth tical cal
migration-enhanced growth tl{2x4) pattern became clearer rolmt'o ersur agedmonl oring techniques and theoretical cal-
and sharper in the In-supply period, which allowed the auty éilrzozts)r:ilzgiine V've report for the first time on tig4
thors to propose a model for an In-stabiliz&t<4) phase. L ¢

brop €2i4) p X 4) reconstruction 0f001) InP. As a result of a combined

Our results do not comply with the In-stabilized model, be- .
» N Py Wi nz RHEED and RAS study, we proposed a surface-phase dia-

cause P dimers should be absent on such a suifsde. .
observe(Fig. 1) strong signals from both dimer types in the 9"&M O_f the InfO0D) surface. under MBE condlt_|ons. The_
e(Fig. 1 9 yp RAS signatures corresponding to different regions of this

range 590-510 °C, as should be expected for (2¥%4)« " . e

phase(two P dimers along th¢110] with two exposed In diagram were |d<_ant|f|eq. , .

dimers along th¢110] in the lower layer, 50% P coverage . A valuable discussion with B. Joydémperial College

in analogy to the microstructure model proposed for GEAS. is gratefully acknowledged.
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