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Hydrogen adsorption on phosphorus-rich(2X 1) indium phosphide (001)
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Hydrogen adsorption on the InP (0812X 1) reconstruction has been characterized by vibrational spec-
troscopy andab initio calculations with density functional theory. The X2) surface is covered with a
complete layer of phosphorus dimers. The clean and hydrogen-terminated dimers have been modeled by
InsP4H, clusters with the proper number of covalent and dative bonds to accurately represent the surface of
interest. The optimized molecular cluster of the unreacted dimer reveals that it has one filled and one partially
filled dangling bond. Hydrogen atoms attack the P-P dimers forming terminal and coupled phosphorus-
hydrogen bonds, and the predicted vibrational frequencies of these species are in excellent agreement with the
infrared spectra. All the observed vibrational modes can be assigned to species containing one, two, and three
hydrogen bondsi.e., PH, HP-PH, and PHPH,) per surface dimer.

DOI: 10.1103/PhysRevB.65.075318 PACS nuntder31.15.Ar, 78.55.Cr, 68.35.Bs, 78.34.

[. INTRODUCTION phosphorus dimers. The phosphorus termination was con-
firmed by the infrared spectrum of adsorbed hydrogen, which
Compound semiconductors are an interesting class of m&ontained a series of bands between 2350 and 2200 cm
terials that are widely employed by the electronicsdue to P-H stretching vibrations, and not In-H stretching vi-
industry'~® An important application of these materials is in brations. The large number of bands observed indicates that

optoelectronic devices, owing to their direct band gap an&ydrog((ajnpforms a variety of different chemical bonds to the
high carrier mobility that set them apart from silichit is ~ €XPosed P atoms. _—

well known that the performance of a compound semicon-_ N this paper, we analyze the structure and vibrational
ductor device strongly depends upon the vapor-phase groeropertles of the clean and hydrogen-terminated phosphorus

roces® In particular. the structure and composition of thedlmers with the aid of molecular cluster calculations. The
P : P ' P unreacted dimer exhibits an electronic structure with the

surface during epitaxy translate directly into the Strucwrepresence of one half-filled and one filled dangling orbital.
and composition of the bulk film. Therefore, a thorough UN-Hydrogen atoms attack the dangling bonds as well as the
derstanding of the surface physics of compound Semicondu‘bﬁosphorus dimer bonds, generating several PH andaelH
tors can help in further optimizing the processes used to fabsgrpate structures. The predicted vibrational modes of these

ricate devices. _ species are in excellent agreement with the experimental re-
The (001) plane of IlI-V compound semiconductors may gyits.

be terminated with either group-lll or group-V atoms, de-
pending on the preparation method. In the ideal case, each Il. EXPERIMENTAL METHODS

exposed atom has two dangling bonds. However, to mini- Indium phosphide films, 0.5m thick, were grown on InP

mize the total surface energy, one of the dangling bonds i . ] ;
eliminated by forming dimers between neighboring atoms?rohoel) S?gﬁé@}ﬁ; byCg;gdeil{ilgrgetall:lse;/:porupshe%se egjr‘lilr)%

which gives rise to long-range ordering on the surfacé. growth:  600°C, 20 Torr of hydrogen, 6&L0° 4 Torr of
Scanning tunneling microscof$TM) is one of the prinCi- i isonropyl indium(TIPIN), 0.13 Torr of tertiarybutylphos-
pal methods used to investigate the surface structure of semypine (TBP) (V/III ratio of 200), and a total flow rate of 2.5
conductors. Nevertheless, difficulties can arise in interpreting jmin at 25°C and 760 Torr. After shutting off the TIPIn
STM images, because geometric and electronic effects argpply, the TBP and hydrogen flows were maintained until
folded together in the voltage trace measured by thehe samples were cooled to 300 and 40 °C, respectively. Then
instrument.> To overcome this drawback, it is important to the crystals were transferred directly to an ultrahigh-vacuum
complement this technique with other surface probes, such ahamber without air exposure. In vacuum, the samples were
infrared spectroscopy of adsorbed hydrogel? =2 Defini-  annealed in % 10~5 Torr of phosphine for 30 min at 300 °C
tive assignments of th&-H vibrational modes is accom- to obtain the (2<1) reconstruction. After cooling the
plished by building cluster models of the adsorption sites andamples to 25 °C, the surface structure was characterized by
then optimizing the cluster structure usiag initio calcula-  low-energy electron diffractiofLEED) and STM!! The im-
tions with density functional theorgDFT).1%-27 ages obtained with the latter analytical technique were of the
Over the past several years, we have been studying thiled states at a bias of 3.0 V and with a tunneling current
atomic structure of indium phosphid®01) surfaces pro- of 0.5 nA.
duced by metalorganic vapor-phase epitaxy The infrared spectra were recorded by multiple internal
(MOVPE).?8=0 The most stable phosphorus-rich recon-reflections through a trapezoidal InP crystal, 401D.0
struction is (2< 1), which consists of a single monolayer of x0.64 mn¥. This crystal provided for 31 reflections off the
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front face. Two substrate orientations were examined: one

with the long crystal axis parallel to tHd.10] direction and
one with the long crystal axis parallel to th&l0] direction.
Hydrogen was introduced into the chamber at 5
X107 Torr and dissociated to atoms by a tungsten filament
located 4 cm from the sample face. The flux of H atoms
relative to H molecules was estimated to be 0.18aThe
surface was saturated following a continuous hydrogen dos-
ing for 30 mn (900 L H, or ~1 L of H, 1 L=10°
Torr-S). A series of vibrational spectra was collected before
and during hydrogen adsorption with a BIORAD FTS-40 A
spectrometer. These spectra were recorded at 8 cesolu-
tion and by co-adding 1024 scans. The spectra presented in
this paper show the change in reflectafer reflection that
results from taking the ratio of the sample spectrum with
adsorbed hydrogen to that of the clean surface. In addition to FiG. 1. Filled-states scanning tunneling micrograph of the (2
the infrared measurements, LEED patterns were recorded 1) reconstructior(Ref. 6. The image area is 190190 A2. The
during hydrogen dosing. contrg\st from black to white corresponds to a height change of
5.8 A2

lll. THEORETICAL METHODS o a . _
the terminating hydroger:® No geometric constraints

The quantum chemistry calculations were performed ofwere placed on the optimization process, and no negative
molecular clusters having one phosphorus dimer in its immeyibrational frequencies were observed for the final structures.
diate bonding environment. In particular, the clusters con4t should be noted that the predicted values have been shifted
tained a single phosphorus dimer tethered to five “bulk” In down by 110 cm? to correct for systematic errors, such as
atoms and two “bulk” P atoms. This is analogous to thethe neglect of anharmonicity, deficiencies in the density
cluster containing nine silicon atoms that has been used tinctionals, etc. This provides a self-consistent method of
represent a single dimer on the @D0) surface’” Typically,  comparing the vibrational modes exhibited by each type of
the truncated bulk bonds in the clusters are terminated withond. Weldonet al. have used this same approach with a
hydrogen atoms to eliminate artifacts due to excess spin ofimilar shift to characterize the hydrogen bonds formed on
charge. However, the situation is more complicated with in-jlicon surfaces®
dium phosphide due to the presence of both covalent and
dative contributions to the bonding. The four bonds around
each In or P atom can be considered as composed of three
covalent bonds and one dative bond. While a truncated co- To interpret the vibrational spectra, we must now consider
valent bond can be terminated with hydrogen, a differenthe atomic structure of the (21) reconstruction. A filled-
procedure is needed to terminate the dative bonds. states Scanning tunne|ing micrograph of the P-I’iCh(@

In previous work on GaAg00l1) surfaces, the dative syrface is shown in Fig. 1A series of zigzagging rows of
bonds were ignored by making some of the gallium atomsyray spots is seen extending along [ih&0] crystal direction.
threefold coordinate? However, this is unsatisfactory and The white and black patches interspersed throughout the pic-
leads to unphysical bridging hydrides in bulk atom positionstyre are due to small areas located two atomic layers above
In this WOfk, the truncated dative bonds at bulk indium atom%nd below the primary surface p|ane_ Decreasing the contrast
are replaced by dative bonds to Pgroups. Two datively reveals that these patches have the samel(@structure.
bonded groups per cluster result in a physically realistic A pall-and-stick model of the (21) reconstruction is
mOdel, where Charge neutrality is achieved while maintain'presented in Fig 2. The surface is terminated with a com-

ing each atom in fourfold coordination. More details abOUtpiete monoiayer of phosphorus diméi'sThe valence elec-
this procedure will be discussed in a future publication. Hy-

drogen atoms are then added to the surface phosphorus at- @ Pup
oms resulting in different PH and Bt$pecies.

The GAUSSIANO8 quantum chemistry suite was used to
optimize the structure of eachg,H, cluster and predict its
vibrational properties! These calculations were made utiliz-
ing density functional theory with the Becke three-parameter
exchange functional and the Lee-Yang-Parr correlation func-
tional (B3LYP).3233We chose the (1814p/9d)/[ 6s/5p/3d]
contracted basis set for indium, the Dunning-Huzinaga [110]
(11s/7p/1d)/[ 6s/4p/1d] contracted basis set (D95) for
phosphorus, the D93 polarized double: basis set for the FIG. 2. Ball-and-stick model of the (21) reconstruction. The
surface hydrogen atoms, and the D95 doublmsis set for small dots represent the valence electrons in the dangling orbitals.

IV. RESULTS AND DISCUSSION
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AR/R (x1075)
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FIG. 3. Models of the optimized molecular clusters, illustrating
the different ways hydrogen atoms coordinate to a phosphorus : . .
dimer. The P, In, and H atoms are black, gray, and white spheres, 3 I Deconvolution 1
respectively. The open valences at the second layer In atoms denote
dative bonding to PElgroups(see texk
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2317
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N
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tron distribution of the (X 1) can be understood as follows.

In the unit cell, there are two top-layer P atoms and two
second-layer In atoms. The second-layer atoms contribute
half their valence electron§3) to the bonding, while the
top-layer atoms contribute all their valence electr¢i® to

the bonding. Out of the 13 total electrons, the 4 In-P back- 0
bonds and the surface dimer bond consume 10 electrons. ) ; :
Thus three valence electrons are distributed between the two 2500 2400 2300 2200 2100
dangling bonds on each dimer. These are indicated by the (b)
black dots in the model.

_An Opt'm'_ZEd molecular _cluster of the dlmer,g_,l?g,l-!lo FIG. 4. Infrared reflectance spectra of adsorbed hydrogen on
(with two dative PH groups, is shown as structu@in Fig. (2% 1) InP(00) at 25 °C:(a) as a function of K dosage andb) at
3. Interestingly, this structure has two equivalent P atgmas ¢ coverage showing the deconvolution of the bands.
buckling with the unpaired electron being shared by the two

surface atoms. However, asymmetric environments around . ) )
the two surface atoms do lead to buckling. For example, semiconducting local density of states is observed because

slightly different isomer where one of the two dative PH the Coulomb'repulsion experienced b.y the electrons creates a
groups is attached to a fourth-layer In atom shows bucklingHubbard gagin the range of 1.0 e)/ It is interesting to note
In addition, attachment of a single hydrogen atom to thehat our small cluster containing a single surface dimer has a
surface dimer leads to buckliglusterl in Fig. 3). In such low-lying electronic excitation from the filled to the partially
cases, the phosphorus atom containing the lone pair of elefilled dangling orbital at 1.4 eVwith time-dependent B3LYP
trons is pushed up and out of the surface plane, while théensity functional theopy*
phosphorus atom containing the single electron is pulled Hydrogen atoms were dosed onto the I(@®1) (2x1)
down. This is consistent with the STM image in Fig. 1, surface in the UHV chamber at&10~ Torr. As the hydro-
showing buckled dimers alternating to the left and right asgen dosing proceeds, the X2) LEED pattern gradually
one proceeds along the row in thel0] direction. Presum- converts to (X 1), indicating that the hydrogen atoms react
ably, the alternating direction of the buckling along the rowwith the phosphorus dimers, breaking some of the P-P bonds
relieves some of the strain on the In-P backbonds. Largeand disrupting the surface ordering. Shown in Fig. 4 are a
cluster calculations containing multiple dimer units may beseries of infrared reflectance spectra for different hydrogen
necessary to fully resolve the electronic structure associatetbverages on the (21) at 298 K. Also shown in the figure
with the phosphorus dimer. is the deconvoluted infrared spectrum corresponding to satu-
In our previous paper on the 1), we measured a sur- ration coverage. Five overlapping but clearly resolved peaks
face bandgap of 120.2eV by scanning tunneling are observed at 2338, 2317, 2301, 2265, and 2225'cn
spectroscopy' This was explained by electron correlation addition, weak shoulders may be present at 2292 and 2205
between the singly occupied states. A more accurate descripm *. No features are seen in the region between 1700 and
tion of this surface may be that of a Mott insulator, due to thel200 cm!, where indium hydride stretching vibrations
large separation between the unpaired electrefisA.>"38A occurt! The assignment of each band to a specific adsorbate

AR/R (x107)
2301
2292
2205

Wavenumber (cm'!)
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5 T ' r crystal. The inset diagrams in the figures show the direction
of the polarization relative to the crystal directions. The P-H
4 P-polarized vibrational bands are more strongfy polarized when the

long axis of the crystal is parallel to thé&10], whereas they
P are more stronglg polarized when the long axis of the crys-
[;10] 1 tal is parallel to thg110]. This optical anisotropy is consis-
tent with a situation where most of the P-H bonds are ori-

[110F ented primarily in a plane swept out by tf@01] and[110]
axis. Although poorly defined, the intensities of the
1t s-polarized spectrum in Fig.(d) are not zero. This means
that the transition dipole moments of the P-H bonds have
some residual value in tHd.10] direction.
L L 4 Figure 3 shows a sequence of molecular clustsiss. 1,
2400 2200 2000 1800 2, and 3) that represent the addition of one, two, and three
(a) Wavenumber (cm*) hydrogen atoms to a phosphorus dimer on the indium phos-
phide(001) (2X 1) surface. Note that atoms numbered 1 and
6 . . . 2 in clusters1-3 represent the phosphorus dimer atoms on
the surface, while the other atoms constitute the “bulk crys-
< tal” to which the dimer is tethered. Although not shown in
[110] the models, the dangling bonds on atom 2 in clugtemd
atom 1 in clustei3 are each filled with a lone pair of elec-
trons. Examination of the figure reveals that one H atom can
be added to the dimer to yield a single P-H bond. As men-
tioned earlier, this asymmetry in the surface environment
causes this dimer to buckle. The addition of a second hydro-
gen leads to a symmetric structure with a coupled H-P-P-H
species and an elongated P-P bond. Finally, the addition of a
third hydrogen atom breaks the dimer bond, yielding a satu-
rated cluster with a PH and a Ridroup.
. . - The P-H vibrational modes calculated for clusters3 are
2400 2200 2000 1800 listed in Table I. Also shown in the table are the frequencies
(b) Wavenumber (cm!) and intensities of the infrared bands observed for hydrogen
adsorption on the (1) reconstruction. Excellent agree-
FIG. 5. Polarized infrared reflectance spectra of hydrogen adment is achieved between the theory and the experiments.
sorbed on the (1) surface, with the long crystal axis parallel to The P-H bond in(1) exhibits a single mode with medium
(a) the[110] direction and(b) the[110] direction. intensity at 2301 cmt. This mode requires no P-P bond
breakage and is assigned to the experimentally observed
structure can be made by comparison to the cluster modelgeak at 2302 cm'. The coupled monohydrogen structigs
as discussed below. exhibits asymmetric and symmetric stretching vibrations at
Presented in Fig. 5 are polarized infrared reflectance spe@256 and 2260 cil. The asymmetric stretch is of weaker
tra of hydrogen adsorbed at saturation coverage on the (#tensity and produces a dipole moment parallel to the phos-
X 1) surface for two orientations of the indium phosphidephorus dimer bondi.e., the[ 110] crystal axig. On the other

2338

AR/R (x1075)
N

S-polarized

ST 2338

AR/R (x10°)

P-polarized

S-Polarized

TABLE I. Vibrational modes observed for the hydrogen-terminatest {2 surfaces. asasymmetric, s

=symmetric.
Theory Experiment
Frequency Frequency
Assignment (cm™h Intensity Clustet (em™h Intensity
P;-Hs 2302 m 1 2301 m
Hs-P;P,-H,2 2256 m 2 2265 s
Hs-PP,-H,° 2260 S 2 2265 s
:Py-Hs 2238 S 3 2225 s
H,-Po-Hs® 2315 m 3 2317 m
H,-P,-Hs?® 2333 m 3 2338 s

8Refer to Fig. 5.
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TABLE II. Bond lengths and bond angles for the phosphorus-the terminal site of the phosphorus dimer, ad,icauses the

rich clusters(bond length in A. P-P bond to lengthen to 2.259 A. The-Pl; bond length for
the fourfold-coordinated P atom Ihis 1.418 A. This may be
Cluster No. compared to the phosphorus-hydrogen bond on cluater
Parameters 1 2 3 where a lone pair of electrons remains in the dangling bond.
In the latter case, the,PH; bond length is 1.429 A. The
PP, 2.259 2.977 4.056 shortening of the P-H bond on the fourfold-coordinated at-
P;-Hs 1.418 1.425 1.429 oms is primarily due to the mixing afandp atomic orbitals,
P,-H, 1.425 1.417 which eliminates electron screening. Conversely, the lone
Py-Hs 1.418 pair of electrons on the threefold-coordinated P atoms popu-
/ Hs-Py--P, 102.6° 124.9° 160.7 lates the unmixed 8 orbital and effectively screens the
£ Hy-Py-Hs 99.5 nucleus from the H atom. In clust8&r the ~ Hz-P;-P, bond

angle of 161° puts the P-H bond at nearly a right angle to the

In-P backbonds, as expected for the use of predominately 3

hand, the symmetric stretch is strong in intensity and has arbitals in bond formation. Our results agree with the study

dipole moment perpendicular to the surface plane. This modef the H,Al-PH; adduct by Davy and Schaef®These au-

corresponds closely to the broad band recorded at 226% cm thors demonstrated that removing the lone pair of electrons

on the H-(2x1) surface. Measurements made with polar-on phosphine by dative bonding with Aj$hortens the P-H

ized light agree for the most part with the predicted dipolebond length by 0.012 A.

moments. For example, if the infrared beam travels parallel It is interesting that for P, the asymmetric stretch is

to the[110] axis, the 2265 ¢ band is very intense with ~ predicted at a frequency 18 crhhigher than the symmetric

polarization. stretch. By contrast, the asymmetric stretch of the coupled
The saturated cluster containing the PH and, Rrbups  H-P-P-H group is predicted to occur 4 chlower than the

(3) has a strong monohydrogen mode at 2238 tand ex-  Symmetric stretch. A similar reversal has been seen previ-

plains the experimental band at 2225 Cmlts low fre- ously for SiH, (asymmetric stretch higheand H-Si-Si-H

quency is due to the presence of the lone pair and is consiésymmetric stretch highgr

tent with its slightly longer P-H bond length, as seen in Table

Il. The di-hydrogen modes are split by about 18 ¢mwith V. CONCLUSIONS

the asymmetric stretch being higher in frequency. The pre- We have characterized the adsorption of hydrogen on the

dicted positions 2315 and 2333 care in excellent agree- o
. ; ; InP (001)-(2<1) surface by vibrational spectroscopy and
ment with the experimental infrared peaks seen at 2317 angb initio cluster calculations with density functional theory.

~1
2338 cm . The fact that the modes frothand3 are seen at The series of infrared bands observed for Hx(®) can be

higher hydrogen exposure is consistent with their requmn%xplained by an attack of hydrogen atoms at the dangling
P-P bond breakage. bond and dimer bond sites, generating both PH and PH

Dielectric screening by the semiconductor surface reducet§onds. Moreover, the quantum chemistry calculations predict

i i i i 1,39
the Intensity of V|bra_1t|ons normal to the crystal platé: that the unreacted phosphorus dimer exhibits partially filled
We estimate that this should decrease by about fourfold the,y 04 qangling orbitals, which is consistent with the
intensity of the modes perpendicular to the surface, whic TM results. We have found that to accurately simulate the

gre the symm_le_lt’]rllc V|brat|0nT of :Ee COU'T(Ie.dtH'P.;P'Hf ?r? dimer chemistry on 11I/V compound semiconductor surfaces
H, species. This may explain the weak intensity o eusing DFT, one must account for the covalent and dative

mode at 2317 cmt. After accounting for the impact of di- .

electric screening, the band intensities predicted by thgondmg among the group-lil and V atoms.
theory are in good qualitative agreement with the experi-
ments.

Listed in Table Il are some of the bond lengths and bond The authors are grateful for the funding provided by the
angles obtained for the optimized clustérs3. On clusterO, National Science Foundation, Division of Materials Research
before hydrogen adsorption, we calculate a phosphoruand Chemical and Transport Systems. We thank M. L.
dimer bond length of 2.165 A. Adsorption of hydrogen onto Steigerwald for some stimulating discussions.
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