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Reflectance difference spectroscopy of mixed phases
of indium phosphide (001)
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Reflectance difference spectra of mixed(2) and (2x 4) phases of indium phosphide01) have

been recorded and benchmarked against scanning tunneling micrographs of the surface. The line
shapes are found to be linear combinations of the spectra of the pxre)(and (2x< 4) structures,

ATIT mixed™ XAT/T (55 4y+ (L=X)Ar/r 51y, Wherex is the weighting factor. Thus, in the absence of
adsorbates, the reflectance difference spectra can be used to estimate the surface composition, i.e.,
the fractional coverage of phosphorousBig=1—-0.81x+0.06x. © 2001 American Institute of
Physics. [DOI: 10.1063/1.1337620

Reflectance difference spectroscdRDS) is a usefuljn spectra of the mixed phases are linear combinations of the
situ probe of the condition of compound semiconductor surdine shapes of the pure phases, and as a result, may be used
faces during epitaxial growth? This technique is sensitive to estimate the phosphorous surface coverage.
to the elemental composition of the surface as well as to  Indium phosphide films were grown with trimethylin-
submonolayer coverages of adsorbdtésHowever, inter-  dium (TMIn) and tertiarybutylphosphinéTBP) at 525 °C
pretation of RDS spectra is difficult, and the assignment ofand 20 Torr total pressure in a horizontal MOVPE reatftor.
specific features is unclear in many cases. For example, it h&the samples were cooled to room temperature while main-
been suggested that a correlation exists between the coveraggning the TBP supply, and then transferred directly to an
of phosphorous dimers and the degree of e order-  ultra-high-vacuum  surface-analysis  system.  Room-
ing in InGaP and AlinGaP alloys grown by metalorganic temperature reflectance difference spectra were acquired be-
vapor-phase epitaxyMOVPE).**~3 The coverage of phos- fore and after heating the samples to 400 °C for a few min-
phorous dimers has been related back to a specific featutges. The spectra were recorded on a J-Y NISEL RDS
appearing in the optical spectra of the surface taken duringpectrometer, and have been base-line corrected to remove
growth* However, this feature has not been benchmarkedny artifacts unrelated to the samples. In addition, scanning
against any other probes of the semiconductor surface struganneling micrographs were obtained of the (O®1) sur-
ture, and consequently, this correlation must be viewed as fces using a Park Autoprobe VP STM at a sample bias of
hypothesis that remains to be tested. —3V and a tunneling current of 1 nA.

With regard to the simplest of phosphide-based materi-  Wwe found it was convenient to monitor the optical signal
als, InP (001, two principal reflectance difference spectraat 2.9 eV during heating. As the sample temperature was
have been identifietf. *® These correlate with the (1)  increased from 25 to 400 °C, the positive peak at 3.1 eV in
and (2x4) reconstructions as identified by reflection high-the (2x 1) RDS spectrum shifted to 2.9 é¥Then, while at
energy electron diffraction, low-energy electron diffraction, 400 °C, this peak rapidly fell in intensity as the phosphorous
and scanning tunneling microscog$TM). Comparison of  desorbed from the surface and theq2) was converted into
the RDS spectra reported in the literature reveals a considethe (2x4) reconstruction. The value of the peak intensity
able discrepancy in the line shapes recorded for each Surfa@?ovided an accurate gauge of the degree to which the sur-
phasel.4’18 Recently, we have characterized the phase diaface had undergone the phase transition.
gram for indium phosphid€d01), and have found that there In Fig. 1, a scanning tunneling micrograph is presented
are four distinct reconstructiontS:>* These are thec(2  of the indium phosphide surface following partial desorption
X2)Ip(2X2), (2X1), 0(2X4), and5(2X 4) at phosphor-  of the phosphorous. The surface is covered 75% with the
ous coverages of 2.00, 1.00, 0.25, and 0.125 .ML, respeq2x 1) and 25% with ther(2x4). The (2<1) is evident as
tlvgly. It is common for two or more reconstructions to co- 5 series of closely spaced gray rows running parallel to the
exist on the same surface, sucha{@x2) and (2<1), or  [110] direction. Thes(2x4), on the other hand, appears as
(2X1), 0(2X4), and 5(2x4). These mixtures could ac- gpa|low pits with more widely spaced gray rows separated by
count for the discrepancies in the RDS spectra reported in thgiack  trenches that extend along tf[(IlO] direction.
literature. o Samples with greater amounts ofX2) were produced by

_In this letter, we report on RDS spectra of indium phos-peating for slightly longer times at 400 °C. The percentage of
phide (00D surfaces containing mixed ¢21) and (2<4)  gach reconstruction present on a surface was determined by
phases. These spectra have been benchmarked against SC@Yefully cutting up the printed STM image, and weighing
ning tunneling micrographs of the surfaces. We find that they, paper corresponding to the different phases. The values

reported in this letter have been averaged over five separate
@E|ectronic mail: rhicks@ucla.edu images of each surface.
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FIG. 3. Dependence of the weighting factor from the RDS spectra on the
fractional coverage of the surface byX2) domains.

FIG. 1. Filled-states scanning tunneling micrograph of th&00® surface the surface is covered with phosphorous dimers, alkyl
with a phosphorous coverage of Giage area 430x 430 A2). groups, and hydrogen atoms adsorbed on top of a monolayer

of phosphorous atonf8:?! The P ad-dimers exhibit localized

c(2X2)/p(2x2) domains. These adsorbates reduce some-

_Shown in Fig. 2 are reflect{:mce difference sp(_actra of Rvhat the overall intensity of the spectfdotted ling. Heat-
series of InP(001) surfaces having structures ranging from ing to 300 °C for several minutes desorbs these species and

that obtained directly out of the MOVPE reactor to a pure, - ces a sharp (21) RD spectrum, as shown in Fig. 2.
(2x4) phase. When the sample is removed from the reactoEurther annealing of the samples at 400 °C produces a series

of transitional spectra, and ultimately the X2) RD spec-

' T T T trum.
0.010 As the (2x< 1) reconstruction is gradually converted to
the (2x4), the following changes occur in the optical spec-
0.005 tra: (1) The negative peak at 1.8 eV becomes broader and
increases in intensity from-0.009 to—0.013.(2) The posi-
g tive peak at 3.1 eV falls from an initial intensity of 0.011 to
5 0.000 0.000, and is replaced by a negative peak at 3.2 eV, which
T reaches a final intensity of0.004.(3) The broad positive
o -0.005 band at 4.2 eV disappears and is replaced by broad and nar-
row peaks at 3.6 and 4.6 eV. To determine if the intermedi-
ate spectra result from a superposition of the line shapes of
-0.010 each phase, the following formula was applied:
Ar Ar Ar
0.010 F real - T(m|xe0)=x7(2><4)+(1—x)T(2><1). (D)
— = calculated
0.005 F - In Eq. (1), Ar/r (mixed is the calculated spectrum,
/\/\3\ Ar/r(2X4) and Ar/r(2X1) are the (X4) and (2x1)
g 0.000 Y. spectra shown in Fig. 2, andis a weighting factor. This
a 7 \A] weighting factor equals the fractional contribution of the (2
2z X 4) line shape to the overall spectrum. We have found that
-0.005 - excellent agreement is achieved between the calculated and
real RD spectra of the transitional surfaces. An example of
-0.010 k J one such fit is shown in Fig.(B).
) In Fig. 3, the RDS weighting factor is plotted against the
, . . . fractional surface coverage of ¥4) domains. A linear re-
2 3 4 5 lationship is obtained. These data indicate that the value of
extracted from the RD spectrum can be used to identify the
Energy (eV) distribution of (2<1) and (2<4) domains on the surface,

and in turn, the average phosphorous coverage. The phos-

FIG. 2. Reflectance difference spectra of (@®1): (a) surfaces obtained phOI’OUS coverage is given by the following equation:

directly following growth and after annealing at 300—400 °C for different
periods of time; andb) real and calculated spectra of a surface containing a
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