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Surface processes during the heteroepitaxy of GaP on Si under pulsed chemical beam epitaxy
conditions were investigated simultaneously by the optical methods reflectance
difference/anisotropy spectroscopy;polarized reflectance spectroscofRS, and laser light
scattering. Our studies were performed during both cyclic and interrupted growth, where the surface
was exposed to individual pulses of the precursors triethylgal(iLiEG) and tertiarybutylphosphine

(TBP). The data show that the three optical probes provide different perspectives of growth. Several
surface processes exhibit time constants of the order of 1 s. One such process is the clustering of Ga
atoms, or less likely, of TEG fragments, that occurs with TEG exposure. The optical data also show
that TBP dealkylation occurs essentially instantaneously upon arrival at the surface, and that TEG
dealkylation is the rate-limiting step. The PRS data exhibit fine structure that shows that
heteroepitaxial growth can be described by a four-phase model consisting of the substrate, a GaP
layer, a surface reaction layer containing all adsorbed species not yet incorporated in the growing
layer, and the ambient. By assuming that this surface layer is very thin we derive approximate
equations that allow us to treat the PRS response quantitativel{L99 American Vacuum Society.

[. INTRODUCTION thermocouples and calibrated by a pyrometer. The precursors
In this article we discuss real-time monitoring of the Were tertiarybutylphosphin¢TBP) and TEG. The silicon

pulsed chemical beam heteroepitaxial growth of GaP on sfuPstrates were lightlyl-100 cm) p doped. To determine
fhe possible influence of steps on growth, we usetd)

by three different optical techniques: reflectance difference X
anisotropy spectroscop§RDS/RAS, 3 p-polarized reflec- substrates and substrates oriented 6%(@#1) toward[110].
Since on-axig001) Si substrates yielded no net RDS signals

tance spectroscopyPRS,*® and laser light scattering X )
(LLS).® The objective is a better understanding of the growth®S @ result of the formation of antiphase domaifg) sub-
trates were used only for comparison.

process, specifically surface chemistry and reaction kineticS ; , ' ) .
Details of the RDS configuration are given in Refs. 1 and

A discussion of the complicated chemistry of this growth °
system is given in Ref. 7. 2, and those of PRS and LLS in Ref. 5. For PRS and LLS a

The results are expected to be useful in the engineering gf€~N€ laser was used as light soué83 nm, 1.96 ey.
heteroepitaxial growth on silicon. In particular, the quality of RDS transients were taken at a fixed photon energy of 3.6
the heteroepitaxial layers depends strongly on interfaciaf V- Where the optical penetration depth of GaP is low and the
properties, and can be optimized only when the depositioﬁie,teCted light intensity is h_|gh. The intrinsic RDS time reso-
process, especially the early stage, is well understood. A&tion was the RDS sampling period, 1 ms. However, to im-
discussed earlié®~°PRS in the visible range shows a large prove S|gnal—to—n0|s_e ratios we averaged 25 _anq 50 pomt; for
sinusoidal signal during growth due to interference betweedterrupted and cyclic growth, respectively, yielding effective
front- and back-surface reflections associated with the growtiMe resolutions of 25 and 50 ms, respectively. The time
ing GaP layer, from which the overall growth rate can pefesolution for PRS and LLS was 100 ms. The pneumatic

determined. Superimposed on this is a fine structure that @/Vitching valves for TEG and TBP have a small dead vol-

linked to the pulsed supply of the precursors. This fine strucUMe and a time response faster than 20 ms, as specified by

ture is also observed in RDS and, to a lesser extent, in LLShe manufactureNUPRO.
The three probes provide different perspectives of the growth
process, and show in particular that in the growth systenill. LINEARIZATION OF THE PRS SIGNAL

studied here, triethylgalliuniTEG) dealkylation is the rate- A typical PRS transient for a GaP layer heteropitaxially

limiting step. grown on Si is shown in Fig. 1. These data can be described
with the so-called four-phase model, which involves the am-
[l. EXPERIMENT bient (0), a surface reaction layét), the GaP layef2), and

Heteroepitaxial growth was performed in a pulsed modehe Si substrate3), where all interfaces are assumed to be

at low substrate temperatures of 360—-400 °C as measured Warp and reflections from the back of the substrate can be
ignored! It is necessary to include a surface reaction layer,

*Published without author corrections. pecause unreacted specie_s on th(_a surfgce of the growing GaP
¥Electronic mail: rossow@unity.ncsu.edu film generally have refractive indices different from that of
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Fic. 1. Typical PRS transient during heteroepitaxial growth on Si. The fine structure is shown on an expanded scale in the inset. The nonzero values of the

minima are due to an offset in the electronic signal.

GaP. This is manifest by the data of Fig. 1, which show a fine 1—ei2B2
structure in the PRS data that accompanies cyclic changes in M4po=lo02p W 5
ambient exposure. _ »
In the four-phase model the PRS signal is proportional to ~ —2ir02pe'52 sin B,. (6)
the ab;olute squarﬁ4p=!r4p|2.of the c':om'ple>'< reflectance For real 8, we therefore have
coefficientr 4, for p-polarized light, which is given By
PRS Signa+‘ R4p0: |r4p0|2: 4R02p S|n2 ﬁz, (7)

i2 i2 i2
~ (Fogpt g€ P1) 4 (1 ool 1+ €'2P1)1 55,6 2P2

RANCE Fo1pl 120€'771) + (F 129+ 1€/ P11 o558/ 2F2 @
where
2md;
Bi:TI €—Sinr 6, i=1.2 2)

whereRyz,= | o/ *. Thus for6y= 65 and 8,=0 the PRS sig-
nal exhibits a sinusoidal behavior with a period
Ad=N2(e,—sir? 6,) Y2  For GaP at 632.8 nm
[€52p=10.96+i0.00 (see Ref. 18 and §,=70°, Ad is ap-
proximately 101 nm.

For growth monitoring the Brewster condition is difficult

and where, is the angle of incidence. Since the surfaceto realize because the dielectric function, and consequently

reaction layer is thir{|8,/<1), we can linearize Eq.1) with
respect toB; as

I 4p
lap(B1) =T 4p(B1=0)+ B 9By
,31=0
ar,
:r4po+,31# : ()
1 ﬁ1=0

The first term on the right side of E¢3) describes interfer-

ence due to the growing GaP layer and the second the fine

structure due to the variation of; or e; with exposure.
The interference term,, is given by

i2
Foop+ T 23p€' 72

Mapo=7"——— 75, - 4
4p0 141 ol 2396 222 4

If the Brewster conditionfy=6g is fulfilled exactly, then
rapo=rogp=0 when exgpi2B,)=1 and therefore
M ozp= — I 23p- Under this condition
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0g, is temperature dependent. For the more general case of
0o~ 0, Rapo is given by

Rapo™~Rogp+ 2[ Rogp— RE(I 31 230) 1 — 2 €0S B[ Ry

— RE(r 53T 230) 1~ 2 i 285 IM(rgaf 230, 8)

where theR;;, terms have obvious meaning. If the substrate
is weakly absorbing, as is the case for Si at 632.8 nm, the last
term can be neglected and we obtain

Rapo™~Rogpt 2[Rogp— Re(r gzl 230) [[1—cos B,],  (9)

which is basically Eq(7) with a dc offsetRyz=0, as seen in
Fig. 1. If Ri3=0 (#=6g) then from either Eq(7) or (9) the
PRS signal must begin to rise when GaP growth is initiated.
However, Fig. 1 shows that this is not observed: the signal
begins near its maximum and then decreases. From{%q.
this is possible ifRy3#0 andr,3,<rqz,, which means that
[Rozp— Re(r33pr23p)] < 0. Furthermore, with increasing
thickness of the GaP layer we observe that the signal ap-
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proaches zero. ThereforeRgz,~4|Ryz— Re(rogpr23p)| Combining the previous results the general expression for

From this result it follows that og,~ 2r 3,. Using these con- the PRS signal, to first order i6,, is

ditions and the values for the dielectric functions of Si and

GaP given above, we can calculaig We find this to be 0"r4p

about 70.4°, which is slightly less thaa . PRS~Rap~Rapot2 RE{r“POBl B,
To determine the fine-structure contribution we must

evaluate thes; scaling factor

] . (13

Therefore, the amplitude of the fine structure that is caused
by a variation ofg;, i.e., variations ine; and/ord,, depends
also onrj,, and dr 4,/ g 0. Neglecting for simplicity
the squared terms of the Fresnel coefficients we obtain

I 4p) _ 2i(1=153)/T 12
(9,31151:0 (14T o1f 1)

. ) 1+r2
(1+1,3,€'%P2) 2+ r23pe'2ﬁ2( r—lZp— 2) PRS- R4p~ Rogp+ 2[ Rogy— RE(T 5351 23p) ][ 1— cOs 285]
12p . . )
X (1 ol 78 772)° : X Re{T gp(1—€71282) B, 2i[ 1 15+ 1 53,€' 2P2
(10 X (141151} (14)

For 6y~6g, ropp andr 3, are small compared to [;=0.083
and 0.072, respectively, fofl,=70° and e5;=15.07+i0.15
[see Ref. 13 Neglecting products of these terms yields

Therefore, the amplitude of the fine structure is also periodic
in 2B3,. In general, the situation is complicated because the
fine-structure term is multiplied by real and imaginary parts
of rzpo, which results in termgl—cos 28,) and sin 23, that
[r12p+r23pe'232(1+r§2p)]. are not in phase. For one extremui,2 , in which case

(11
2 RE{ rap(B1=

The term in the brackets can be given a simple geometric
interpretation. In the transparent region of G@&p,is real. 16md

. - . . i BZ - 71-
T.herefore, v_wth increasing layer thicknes'$?2 describes a = —Top —— [Re( m)
circle of unit radius in the complex plane. If the surface

- 2
(?r4p| _ 2i(1=rgyp)
aﬂ1|/31:0 (1+T o1l 12p)°

reaction layer is also transparemt,, is also real and the

_ 2 e, —SirP
term in the brackets is largest/smallest &2 = +1 de- XIM(F 1o~ Fagp[ 1+ 115]) +IM(Vey =i o)
pending on the sign af;,, andr ,3,. Since fore'?f2 = +1 XRE(T 129~ T ol 1+ 125,])]. (15)

the interference term shows extrema the fine structure will

be largest/smallest at the minima/maxima of the PRS signafhis vanishes for reak;. The same occurs for@=0. In
(see Fig. 1 This effect is most pronounced when contrast, we often observe that the fine structure is largest
F120~=T23(1+r2), & condition that is fulfilled for reason- near the maxima of PRS signals. Consequently, in these
able values of; (for example, fore;=8 the two terms are cases Irfe;) must be significant. This also follows directly
nearly equal For small surface absorption we can write from Eq. (1). At the extrema, exp23,)==*1, and for GaP
F12p=|12/(1+18), wheres<1. Then on Si at 632.8 nm all Fresnel coefficients are real. Then the
i2 . absolute value of ,, contains only terms in cos3, which
[ 120 T 2398 2P2( 141 550) 1~ [ |1 120 i1 120 & is quadratic ing, . V‘{/pe note also thgt for both parsgof the PRS
+r23pei2f32(1+ |r12p|2)], signal the zero-order term due to interferen|cep(ﬁl=0)|2,
(12) and the fine structure term, 2[?%(,81
= 0)B1(6r4p/(9/5’1)| By= ol are both of the order of the square of
where the terrm‘r23p|r12p| can be neglected Now the center the Fresnel coefficient. Therefore, the large descrepancy in
of the circle with rad|u323p(1+|r12p| ) is located a distance value between the two terms can only be explainedspy
Ir15| ON the real axis andr,,,| above the real axis. The being small as suggested above. The ratio in the maxima is
amplitude of the fine structure reaches its maximum value aapproximately
tan 28,=|r 15| 8/ ( 235[ 1 +|r 15|°1). This no longer coincides
with the extrema of the interference term. Therefore, from
the relative phases of the interference and fine-structure s@ Re{r4p(,81 0)131 07 /|r4p(/31_
nals we can obtain information about Img;), and thus the =0

surface absorption. 4d
If Im(r 1) >Re(r15,), which is the case for a metallic =~ royp —— [Re(\e;—Sir? )
surface layer with Rg;)<0, Im(e;)>0, no phase matching
of ryyp and r23p[1+r§2p] can occur. However, if ><Im(rlgp—r23p[1+r§2p])+Im(x/el—sinz 6o)
Re(r;5,) <1 then we again obtain the equation of a circle, 5
but one with its center near the imaginary axis. XRE(r 125 M 23p[ 1+ T755]) ] (16)
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Fic. 2. RDS transient at 3.6 eV for one exposure cycle during heteroepi- TEG
taxial growth of GaP on a vicinal wafer orientated 6° @01) toward[110]. T T T T T
The response to the TEG pulse is slower than that to the TBP pulse. The 0 2 4 6 8 1012
upper level is not flat but has overlaid structure. time (sec)

Fic. 3. Comparison between RDS responses to a single pulse of TEG on a

From Fig. 1 this ratio is 0.02. If we assume that the regpsurface oriented 6° 0off001) toward[110], where the TBP exposure is either
continuous(lower panel or pulsed(upper panel All pulse durations were

and 'magma_ry Parts Ofr(IZD I‘23p[]:+ r1.29]) are of the order 0.5 s, as indicated by the solid bars. With continuous TBP exposure the
of 1/|’02p, which is a crude approximation, and negleclzﬂ@ baseline is essentially invariant, indicating that the surface recovers quickly

the ratio becomes after the TEG pulse.
47d
R + . - .
A [Re( \/6—1) Im(\/e—l)] A7) 0.8 s. An overshoot also appears on both rising and falling

edges. The difference between response and exposure times

If we further assume that is about 0.5 nm, then #Ad/\ is i
are likely caused by surface processes.

0.01 and Re(Je;) + Im(\e;)] is of the order of 2. This sets
upper limits of 10 to the imaginary and absolute values of the
real part ofe; . B. Single precursor pulses
Although our motivation for this analysis is the under- 14 jnyestigate this behavior further we applied single 0.3
standing of the PRS data for GaP on Si, this qnaly&s holds i3q 0.5 s TEG pulses to freshly grown GaP annealed at the
general for any heterostructure where the epitaxial layer hagroyth temperature by a continuous or pulsed supply of TBP.
a high refractive index and is not optically absorbing. The RDS response to a 0.5 s TEG pulse during TBP expo-
sure for a surface annealed in TBP for 54 s following growth
is shown in the lower panel of Fig. 3. At this point TBP
IV. RESULTS AND DISCUSSION exposure was terminated but the molecular hydrogen flow
In the following we discuss the results of three differentremained. The upper panel shows the result obtained when
types of experiments: continuous cyclic growth, singlethis surface was exposed to TEG follcivé s later by a TBP
pulses of TEG during continuous TBP exposure, and singl@ulse and 2.5 s later by continuous exposure to TBP. A repeat
pulses of both TEG and TBP. These experiments were pef this sequence yielded the same results except that the
formed for (113 surfaces and surfaces cut 6° ¢f01) to-  starting level was lower than that shown in the upper panel
ward [110] as indicated either in the figures or in the cap-of Fig. 3. This level shift indicates that the surface becomes
tions. Similar results were obtained for both orientations. Sd3a rich when TBP exposure is terminated.
far, we have found no evidence of a growth dependence on The RDS response to TEG clearly depends on whether

step density. TBP exposure is interrupted or continuous. With continuous
A Coni i wih TBP exposure the RDS signal increases linearly during the
- Lontinuous €yelic gro TEG pulse and afterward decays exponentially to its starting

Figure 2 shows a typical RDS transient obtained at 3.6 eWalue. With interrupted TBP exposure a TEG pulse generates
and 25 ms averaging for a siegd s cycle of alternating TEG a fast(rise time<0.25 9 response followed by an exponen-
and TBP exposures during the growth of GaP on a Si surfactal decay of time constant of about 0.7 s to a level higher
oriented 6° off(001) toward[110]. At 3.6 eV this GaP layer than the original baseline. The original baseline is recovered
is optically thick. The onsets of the rising and falling parts of only after further TBP exposure. We expect that the change
the transient correlate with the onsets of TEG and TBP exef the RDS signal is related to the total amount of Ga present
posures, respectively, but the rising and falling durations d@n the surface. If we take the RDS signal of the
not coincide with precursor exposures. Although TEG expophosphorous-rich, TBP-annealed surface as the reference, the
sure was 0.3 s the rise time is broadened to about 0.5 shange in the RDS signal after TBP exposure in the upper
whereas the decay time is less than 0.25 s for a TBP pulse éfansient(t=~5 ¢ is within 20% of the change induced by

JVST B - Microelectronics and Nanometer Structures
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Fic. 4. Typical PRS and LLS transients for TEG pulses f@i#3) surface . . .
under continuous exposure to TBP, the PRS and LLS delay times are at least 0.5 s. Since this

delay time is much longer than the specified response time of
the valves and since the response to TBP exposure is effec-

TEG for continuous TBP exposure in the lower transient. [ttively immediate, the results show that rate-limiting interme-
is also comparable to the change in signal for continuousliate surface processes are involved. Light scattering is
cyclic growth when TBP is pulsetsee Fig. 2 caused by structures on the surface with a characteristic

The PRS and LLS data provide another perspective ofength, i.e., a feature size or separation, of ordethere
these processes, as illustrated in Fig. 4. For continuous TBf32.8 nm, which are removed or smoothed by exposure to
exposure the Scattered ||ght intensity increases On'y S||ght|9—BP The reﬂectance Of the material in these structures iS
if at all following a TEG pulse, while the PRS transient Probably rather high because it is very unlikely that these
exhibits steplike behavior. From E¢f) we know that during ~ Structures are large but instead should have diameters of the
steady-state growth, the increasing film thickness yields &rder of a few nm. Since the refractive index of TEG is
sinusoidal PRS response, which is a much weaker edge thapw—smaller than 1.002 for the atmospheric-pressure gas
observed. We can therefore conclude that more than one prehase*—and TEG is unstable at the temperatures used here,
cess is active on the surface. This is further supported by thée delayed LLS response indicates that the LLS signal is
surprising fact that Ga does not begin to be incorporated into
the GaP layer until after the TEG pulse is complete. This is
not in contradiction to the faster RDS response of Fig. 2,
because at 3.6 eV RDS is sensitive only to changes of sur-
face anisotropy and not to layer thickness.

More insight into these processes can be obtained by ex-
amining responses to separate pulses of TEG and TBP. In
Fig. 5 we compare LLS, PRS, and RDS transients for sepa- ~
rate TEG and TBP pulses for GaP layers grown(bid) Si
surfaces. As with001) surfaces TEG exposure results in a
broad feature in all three sets of data. However, the onsets for &
the LLS and PRS responses are delayed substantially with o,
respect to that of the TEG pulse. However, at substrate tem- &
peratures well below those used for normal growth, an im-
mediate PRS and LLS response was obtained. Under present
conditions a TBP pulse generates an immediate exponential ]
decay in the PRS and LLS transients while the RDS signal d B
recovers essentially linearly within 0.4 s. As shown in Fig. 6 L B AR
the PRS and LLS decays are well described by exponentials
with time constants of 0.54 and 0.70 s, respectively. The
RDS. transient is more complicated and is discussed belOWFG. 6. Exponential fit to the PRS and LLS decay transients after TBP

Since the TEG pulse length was 0.5 s and the PRS angosure for 4113 surface with a pulse sequence similar to that used in
LLS responses occurred after the TEG pulse had terminatedig. 5.

al (au

LLS (au.)

time (s)
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TEG pulse GaP/Si(113) TEG pulses GaP/Si(113)
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=~ >
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0.001
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Fic. 7. Two RDS transients for 113 surface annealed for 30 s in TBP FIG. 8. RDS transients for €113 surface for various combinations of TEG
followed by the same pulse sequence as in Fig. 5. and TBP pulses followed by continuous TBP exposure.

due to the formation of Ga-containing clusters. The mostase for PRS, since at 3.6 eV the 20 nm penetration depth is
likely constituent is metallic Ga, since neither monoethylgal-much smaller than the layer thickness. Also, this behavior
lium (MEG) nor diethylgallium(DEG) are likely to aggre- cannot be explained by surface chemistry alone, because if
gate. Furthermore, even in liquid-phase densities their refradhe surface only changes between P-rich and Ga-rich condi-
tive indices should not exceed 1.5, which is too small totions the final state should be similar for the two transients.
explain the LLS signal. However, the species that diffuse tdHowever, it is well known that the presence of anisotropic
form the clusters may be MEG, DEG, or even TEG, withstructures on the surface, for example ellipsoidal clusters,
complete dealkylization occurring only after the moleculecause large RDS responsésyith the RDS signal depending
arrives at the cluster. If MEG is the diffusing species, the facon the shape and the optical properties of the clusters. For
that all its outer electrons are in filled orbitals suggests that itandomly distributed isotropic clusters the RDS signal must
is relatively stable and hence there exists some probabilityanish by symmetry. A broad RDS response could be ex-
that it could also desorb. plained by supposing that initially isotropic clusters become

In this picture the delayed onset of the LLS and PRSanisotropic. The cluster material itself is not expected to be
responses would be due to complete and partial TEG dealkynisotropic since bulk Ga is liquid at the growth temperature.
lization, which at the low pressurefow 10 ° mbaj and We also observe a change in the corresponding PRS tran-
substrate temperaturéypically around 360 °Cused here is  sient.
expected to occur on the surface instead of in the gas phase. Curiously, the sharp negative spike does not always ap-
The Ga-rich clusters remain stable because the incorporatigrear at the onset of TEG exposure but, as shown in Fig. 8, is
of Ga as GaP requires the presence of P. further delayed with successive TEG/TBP cycles. The TBP-

Although the LLS and PRS signals are related their ori-established baseline also decreases with successive cycles,
gins are different. For sufficiently low TEG exposures therecovering only upon continuous exposure to TBP, as also
LLS signal vanishes but a strong PRS response remainshown in Fig. 8. This indicates that the surface retains some
Moreover, depending on the thickness of the GaP layer anthorphology remnant or fraction of fully or partially dealky-
therefore the phase shift of the electromagnetic wave withitized TEG. The recovery effect of continuous TBP exposure
the layer, the peaklike feature in the PRS transient due to this most pronounced in Fig. 9, where a steplike transient is
TEG pulse can be inverted as discussed above in the conteabserved.
of Eq. (11). Consequently, it is likely that the PRS signal is
caused by a thin surface layer whose dielectric function dif-C Possible SUrface Processes
fers strongly from that of the underlying film. ' P

Figure 7 shows two RDS responses for a TEG pulse ob- It is puzzling that surfaces being continuously exposed to
tained on a GaP layer grown or{HL3) Si surface. The lower TBP react much more slowly to TEG than when TBP expo-
transient is taken at a later time but under otherwise identicadure is interrupted. No such variation is observed for TBP:
conditions. Clearly, each transient has at least two compahe PRS, LLS, and RDS data all show that TBP appears to
nents. One is a brief negative spike representing a fast praeact immediately upon reaching the surface, regardless of its
cess that lasts less than 0.5 s. The other is a broad featuirgtial state. In particular, no LLS response would be ex-
between the negative spike and the TBP pulse that is similgvected if TBP were only physisorbed on the surface, since
to that observed in PRS and LLS. The shape of the broathe refractive index of TBP is small. One possible explana-
feature is history dependent, and unlike the negative spike tion for the slower TEG response with TBP coexposure is
can appear either above or below the TBP-established baseat the butyl group requires time to desorb. The butyl group
line. This variation of level cannot be due to interferenceprobably does not desorb directly as a radical or as frag-
from a backreflected wave within the GaP layer, as is thenents. Because the butyl group is also very bulky, it is also

JVST B - Microelectronics and Nanometer Structures
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TEG pulse GaP/Si(113) Further investigations using a quadrupole mass spectrometer
-1 . : . ; . in addition to the optical probes and an optical multichannel
TEG TBP | TBP cont. analyzer(OMA) detection system to obtain PRS spectra are

. in progress.

<X —27 WM ] We have derived linearized expressions for the fine struc-
\j‘; ] ture in the PRS data, which shows that a reaction layer in-
o

5

cluding all not-yet-incorporated surface species is present on
—31 T the surface of the growing GaP layer. This reaction layer is
optically absorbing for the wavelengths used here. The time
constants of the surface reaction processes preceding Ga and
4470 4480 4490 4500 P incorporation are of the ordef @ s under present condi-
tions, and appear to be substantially faster for TBP than for
TEG. At least two processes occur when the surface is ex-
Fic. 9. As in Fig. 8 but after further deposition of GaP. A steplike responseposed to TEG. From LLS data we find evidence for Ga clus-
occurs when TBP exposure becomes continuous. tering, which is consistent with the observation that the sur-
face reaction layer is optically absorbing. Unreacted species
that are not directly incorporated into the growing layer also
unlikely that two butyl groups will react or that butyl groups remain on the surface possibly for tens of seconds. For this
are incorporated into the growing layer. Most likely the butyl system we find no evidence for atomic layer epitaxy, i.e., that
groups will react with hydrogen that originates from eithergrowth is self-limiting. Our results are not specific to GaP on
(i) PH,, (i) the butyl group itself by conversion tebutene  Sj and are equally valid for GaP homoepitaxy as well. We
(C4Hg), or (iii) p-exchange within the ethyl groups to form expect that the ternary system ®g_,P will behave simi-
C.H,. Hence, the likely possibilities are thélf) butyl reacts  larly.
with atomic hydrogen at the surface, desorbing-bstane or
(2) t-butene is formed directly. In the former case we canACKNOWLEDGMENTS
e?<pect .that the attachmenF o.f TEG or its fragments to the P This work was supported by the Alexander von Humboldt
sites will be delayed. A similar argument should hold for £,,nqation, the Office of Naval Research under Contract

TBP. No. N-00014-93-1-0255, ARPA/AFOSR Grant No. F49620-

For surfaces terminated by P, one P bond is unsaturate§5_1_0437 and DOD/AESOR MURI Grant No. F49620-95-
Two neighboring P atoms may form a dimer, or the danglingl_0447_ '

bond can be saturated by hydrogen. It is not clear at present

whether hydrogen desorbs from the surface at these growthip, g. Aspnes, J. Vac. Sci. Technol. B 1498(1985.

temperatures. However, the behavior of Si surfaces may give®D. E. Aspnes, J. P. Harbison, A. A. Studna, L. T. Florez, and M. K. Kelly,

some hints about the nature of the P dangling bond. The SiS\JA-/ Vsl‘;hfecr' ;ﬁﬁggo'ﬁ/:rv] 51357(8109088&0“0[1 SeraM 453(1993

dimer bon_d IS ,Strong am_j the desorption temperature of |_|“N. Dietz, A Miller, J. T. Kelliher, D. Venables, an’d K. J. Bachmann, J.

from the dihydride phase is lowéabout 300 °¢than that of Cryst. Growth150, 691 (1995.

H from the monohydride phagaround 520 °Q. Since P has  °N. Dietz, U. Rczssow, D. E. Aspnes, and K. J. Bachmann, J. Electron.
i ; i ; Mater. 24, 1569(1995.

a lone paur orbital, a P-rich s_urface Fermlnated by.H should 5D. J. Robbins, A. J. Pidduck, C. Pickering, I. M. Young, and J. L. Glasper,

more closely resemble the Si dihydride than the Si monohy- p o spiE1002 25 (1988.

dride. Growth temperatures near 360 °C are therefore abovek. J. Bachmann, U. Rossow, N. Sukidi, H. Castleberry, and N. Dietz, J.

the temperature for H desorption. Hydrogen desorption may Vac. Sci. Technol14, 3019(1996.

. . 8 . .
proceed in three Ways{i) as H; (i) as ethane formed by :(igila.aBachmann, U. Rossow, and N. Dietz, Mater. Sci. Eng353472

B-exchange Withi_n the_ e_thyl group; andi) as t'bUta_ne °N. Dietz, U. Rossow, D. E. Aspnes, and K. J. Bachmann, J. Cryst. Growth
(C4H;0) by saturation within the butyl group. However, in all  (in press.
cases all surface dangling bonds are saturated and the surfat®. Dietz, U. Rossow, D. E. Aspnes, and K. J. Bachmann, Appl. Surf. Sci.

; ; ; o _ ; (in press.
gi 1%z,als73|vated in a manner similar to that of As-terminateduy Nice and k. J. Bachmann, Vacuud, 133 (1996,

12R. M. A. Azzam and N. M. Basharéllipsometry and Polarized Light
(North-Holland, Amsterdam, 1977

V. SUMMARY AND CONCLUSIONS 13D, E. Aspnes and A. A. Studna, Phys. Rev2B 983(1983.
Y“Refractive indices of gases with similar attached groups are well below

Comparison of RDS, PRS, and LLS data for exposure of 1.002. Se¢Handbook of Chemistry and Physi@sith ed.(Chemical Rub-
GaP layers grown on vicingD01) and (113 Si surfaces to lstéervs?QCatRa;Of; ftll- 13\/332-_ '}51;3655 | Westwood. b. A. Woolf. and 2
. . eimetz, I. Zettler, VV. Ricnter, D. |. WWestwooaq, D. A. WOOIT, an .
single pulses of TEG and TBP reve.als that RDS, PRS, and Sobiesierski, J. Vac. Sci. Techndl4, 3058(1996.

LLS deliver complementary information, a necessary prereq-1sr. p. gringans, Crit. Rev. Solid State Mater. St7, 353 (1992.
uisite for an unambigious interpretation of growth mecha- *U. Rossow, U. Frotscher, W. Richter, and D. R. T. Zahn, Surf. 287/

nisms. However, the observed chemistry is very complex. 288 718(1993.

time (s)

J. Vac. Sci. Technol. B, Vol. 14, No. 4, Jul/Aug 1996



