Single-phase growth studies of GaP on Si by solid-source molecular
beam epitaxy
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GaP/Si heterostructures were grown under different growth conditions by molecular beam epitaxy
in order to obtain single-phase GaP on Si. The growth results were examined by reflective
high-energy electron diffraction, anisotropic etching, atomic force microscopy, and x-ray diffraction.
The results showed that high quality, single-phase GaP was grown on Si at a high growth
temperature, about 500 °C, with a low P/Ga flux ratio of>2.5vhile at a lower temperature, a
second phase with a 90° in-plane rotation was grown.2@4 American Vacuum Society.
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[. INTRODUCTION strate optical frequency mixing in GaAs® The orientation-
patterned GaAs or Ga@®P-GaAs or OP—-GaPRstructure is

Remote gas det_ectlon _af‘d military airborne countermeagy i in Fig. 18). It has periodic domains, where the two
sures need convenient, midinfrared laser sources with narrow,. ) o . :
) . . . adjacent domains have a 90° rotation about (0@l) axis.

wavelength linewidth, high output power, and wide wave-

" : ince this rotation reverses the sign of the nonlinear coeffi-
length tunability. There are several potential approaches tha . L . .

. . : . o . cient, the nonlinear coefficient is spatially modulated. Figure
can satisfy these needs, including direct-emitting semicon:

ductor lasers and nonlinear optical devi¢é\onlinear op- 1(b) shows the atomic arrangement of a GaP/Si/GaP hetero-

tics has become a very attractive approach due to its erxibiI?trUCture viewed along thg10] direction, where the stack-

ity in wavelength tuning, possibilities for high or low power, ing sequence of GaP on Si is different from the GaP below Si

and continuous-wave or pulsed operation, and the possibili ue .to the 90° rotation. Aft_er photohthography and chemical
for room temperature operation. This approach has bee tching, the surface of different phases_ls alternately ex-
demonstrated in birefringent phase-matched materials arRPS€d: an?] the subsequent .regrovc\;th W'III foLm the kQPM
quasiphase-matched materials such as periodically poledf'Ucture shown in Fig.(&). Siis used to alter the stacking
LINbO;, orientation-patterned GaAé. The zinc-blende S€duence of the Ga and P atoms due to the purely covalent

semiconductors, including GaAs, GaP, and ZnSe, have desip_onding for Si. To fabricate the OP—G_aP structure, at least
able properties for nonlinear optical frequency mixing.©n€ Phase of GaP must be grown on Si, thus a GaP substrate

Among these, GaP has the most attractive properties. In adith @ 90° rotation can be chosen. If both phases of GaP can
dition to its high nonlinear coefficier5 pm/\V),5 GaP has be grown on Si by controlling the growth parametgrs, then Si
very high thermal conductivityl.1 W/cm K), which is sev- substrates can be used rather than more expensive GaP sub-
eral orders of magnitude higher compared to other nonlineatrates. . .
crystals. This large thermal conductivity allows efficient heat  The essential element of the growth process is to control
extraction so that high pump powers and high output poweréhe phase of GaP grown on Si. However, polar-on-nonpolar
can be achieved. It has a very low absorption coefficientheteroepitaxy has its unique problems, namely, the difference
particularly in the visible and near-infrared region. Thisin lattice symmetry between the 1lI-V and group IV materi-
minimizes two-photon absorption, which is a by-product ofals creates antiphase domains bounded by the antiphase
nonlinear difference frequency generation process. It also hd¥undaries in the 1ll-V epilayér.The growth parameters
a very broad transparency ran@e6—11um), which enables and growth methods of GaP on Si have been investigated by
pumping with a visible wavelength laser source. These propWright, Bi, and other researchers using molecular beam ep-
erties have made GaP an attractive nonlinear optical materidfaxy (MBE),'">**and high quality GaP has been reported
Unfortunately, the isotropic nature of the zinc-blendeunder various growth conditions. However, compared with
structures precludes birefringent phasematching in GaAs deaAs growth on Ge, insufficient work has been done to iden-
GaP. Quasiphase matchit@PM) eliminates this problem tify the GaP phase or orientation. The aim of this article is to
by spatial modulation of the nonlinear optical coefficient.report our results of single-phase GaP growth on Si by MBE
Various techniques have been developed to achieve QPM ipy controlling growth temperature and V/III flux ratio. Re-
these materials, including stacking wafers, wafer bondingflection high-energy electron diffracticdiRHEED) is used as
and orientation patterned growth. Orientation patternedhein situ and first evidence for phase identification. Aniso-
structures fabricated by an all-epitaxial process is a highlyropic etchingex situreveals the sidewall profile that identi-
promising approach that has recently been used to demofies the phase orientation. X-ray diffractioftKRD) and
atomic force microscopyAFM) are carried out to character-
dElectronic mail: xjyu@snow.stanford.edu ize the crystalline quality and surface morphology.
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Fic. 1. Orientation patterned GaR) The schematic of orientation patterned

GaP.(b) GaP/Si/GaP heterostructures. Fic. 2. RHEED pattern of GaP grown on Si under different growth condi-

tions: (1) T;=575°C; (2) Ts=350°C, two-step growth(3) T,=350°C,
one-step growth(@) Perpendicular to the surface step dhfparallel to the
surface step.

IIl. EXPERIMENT

GaP films were grown in a Varian GEN Il MBE system.  For most of the growth, a single-step growth process was
P, flux was provided by a GaP decomposition cell with,a P used; that is, the nucleation temperature and the continuing
partial pressure as high as 999@hosphorous doped Si sub- growth temperature are the same. Two-step growth process
strates with 4° off(001) towards the(110) direction orienta- was performed when a low nucleation temperature was used.
tion were used for MBE growth. From our earlier GaAs on In the two-step growth, a thin nucleation layer was grown at
Ge work, we found 4° off substrates provide a good offseta low temperaturdabout 350 °Q, and then a thicker film
angle for single phase growth, which is the basis for oumwas deposited at a high temperatgaeound 700 °¢ A se-
choice of 4° offset Si substrate for GaP growth. The Si subries of growths were carried out by varying the nucleation
strates were cleaned using a modified Radio Corporation demperature between 350 and 550 °C when the single-step
America clean methodglO0 min in H,S0,:H,0, (4:1) at  growth was used. The flux ratio of P/Ga was selected from
90 °C; 10 min in HO:HCI:H,0, (5:1:1) at 70°C; 15 sin HF  2—-10x. Growth results showed that a flux ratio lower then
(50:1) at room temperature; spin dnyA final HF de-ionized 2X results in Ga condensation on the surface, and no crys-
water (1:100 solution dip for 10 s was performed right be- talline GaP was grown.
fore loading into the MBE prechamber with a pressure about
1x 1078 Torr. After baking, the wafers were transferred to [II. RESULTS AND DISCUSSION
MBE growth chamber with a pressure below 2.0 .

% 10" Torr. A 30 min oxide desorption was performed at A. RHEED observation
850 °C before growth initiated. A strongX2l RHEED pat- GaP exhibits a X4 GaP RHEED pattern under both low
tern mixed with a weak X2 RHEED pattern was observed and high temperature. The quality of the film and the film
before growth. The growth was started with a phosphorugrientation can be monitored using the RHEED pattern be-
prelayer by exposing the substrate to phosphorus for 3 min aause it is known that the>4 is observed when electron
the growth temperature before any Ga deposition. The GaBeam is along1 —1 0].1° As demonstrated in Fig. 2, due to
growth rate was kept at 0,2m/h during all the growth. The the offset angle of the substrate, the Kikuchi lines will oscil-
growth temperature was monitored by a thermal couple adlate around the horizon when the substrate is rotating. The
jacent to the backside of substrates. lines intersect either above or below the horizon when the

JVST B - Microelectronics and  Nanometer Structures



1452 Yu et al.: Single-phase growth studies of GaP on Si 1452

5K

5K

Fic. 3. SEM of the sidewall profiles after anisotropic etching. Flux rafipP/Ga=2.5X; (2) P/Ga=8X . Growth temperaturga) 550; (b) 500; (c) 450; and
(d) 400 °C.

electron beam is along the 4° misoriented directiperpen-  after etching. A solution of HBr:pD,:H,0=1:1:3 was
dicular to the steps and intersect on horizon when electron ysed due to its etching rate difference(@11)A and (111)B
beam is perpendicular to the misoriented directiparallel  planest® The etching time was about 50 s for 4000 A GaP on
to the steps Figure 2 shows a 4 RHEED pattern at high  gj. Because thé111)A plane etches slowly, the sidewalls of
growth temperaturd s=575°C with a low P/Ga flux ratio  the etching profile will be either obtuse or acute for the dif-
=2.5X. The 2X reconstruction is observed when electronferent GaP phases. Figure 3 shows SEM pictures of the side-
beam is along the misoriented direction, and the #con- v profiles under different growth temperatures and P/Ga
struction is seen after the substrate is rotated by 90°. Thg,y ratios. At a low flux ratio of 2.%, the sidewall profiles
streaky characteristic of the R_HEED pattern _indicates that @re acute for temperatures higher than 500 °C, and obtuse at
smooth GaP surface was achieved under this growth condg,er temperatures of 400 °C. The difference in the sidewall
tion. As the growth temperature is decreased T9 ) qfile proves the phases are different under different growth
=350°C, as shown in Fig. 2, 242 rgCOIjStrucﬂon is ob- temperature. The acute sidewall indicates that the phase with
served for the two-step growth. This difference between > off (100 towards(11DA plane grows at high temperature,

RHEED patterns indicates that different phases are achleveéjnd the obtuse sidewall means 4° GID0) towards(111)B
at different temperatures.

The RHEED pattern of the low temperature growth by theplane is achieved at low growth temperature. In anltlon, we
. ) N : see that the surface of high temperature growth is smoother
single-step growth is also shown in Fig. 2. Under this growth

condition, the RHEED pattern is spotty and reconstructio than that of the low temperature growth. At 450 °C tempera-

can hardly be observed, thus the single-step growth und?e“rjre and same flux ratio of 22§ the sidewall is vertical,

low growth temperature results in a rough surface and lo which indicates that mixed phases have been grown. Thus,

. ; . ) "the threshold temperature for the phase selection is about
film quality. In comparison, the two-step growth has a4500C when the flux ratio is equal to 25

smoother surface, though it is still rougher than the high- As sh in Fia. 3. when the fi o is | 4t
temperature phase as indicated by the RHEED pattern. S shown in Fg. 5, when the flux ralio 1S increased 1o
8X, an acute sidewall is still observed for growth at 550 °C.

However, all the sidewalls are vertical for all temperatures
<500 °C. The etching profiles indicate that a high flux ratio
In addition to examining the RHEED pattern, we further increases the threshold temperature for phase selection. It is
confirmed that different phases had been grown by performstill uncertain why the low temperature phase disappears un-
ing anisotropic etching of the GaP film. Scanning electronder high flux ratio, but it is possible, that the large roughness
microscopy(SEM) was used to observe the sidewall profile changes the surface properties controlling phase selection.

B. Anisotropic etching result
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Fic. 4. AFM image of as-grown GaP film on Si. Flux ratid@) P/Ga=2.5X; (2) P/Ga=8X. Growth temperaturga) 500; (b) 450; and(c) 400 °C.

The phenomenon of temperature-dependence phase selemder different growth conditions. At a low flux ratio of
tion has also been observed in GaAs growth on Ge. LR.5X, high temperaturg500 °Q growth results in a very
et all” explained this phenomenon through competitionsmooth surface, and the peak-to-valley distance is below 5
mechanisms of terrace-dominated versus step-dominatedm. This smooth surface corresponds to the single phase
nucleation. Nucleation occurs on both steps and terraces giown at 500 °C as seen in Fig. 3. The surface roughness
multaneously, but with competing domains. At high temperaincreases with decreasing temperature, and the peak-to-
tures, the Ga atoms have enough time to migrate to the stelley distance is 10 nm at 450 °C vs 30 nm at 400 °C. Low
location, where it has the lowest energy states, thus resultinggmperature growth results in very rough surfaces even at a
in single-phase materials that correspond to the step nucldow flux ratio. At the high flux ratio &, the surface is rough
At low temperatures, the terrace nuclei dominate and thigven at a high growth temperature. All the growths have a
results in a phase opposed to the high temperature phase. A&tughness of about 40 nm. Thus, based on the earlier obser-
the temperature between them, both terrace nuclei and stegtion, and that of phase selection and surface quality, a low
nuclei grow up, thus mixed phases are formed. Howeverflux ratio is best for GaP growth on Si. However, if the flux
according to their theory, the GaAs phase with 4° (@60 ratio decreases below< the P flux is not sufficient to main-
towards(111)B plane will grow on Ge at a high temperature, tain P-stable surface and Ga droplets form. The best flux
while the phase with 4° off100 towards(111)A plane will ratio is ~2.5X and this conclusion is consistent with
grow at a low temperature, which is in direct contrast withWright's results:®
our observation of GaP growth on Si. The reason for this
contradmtmn may be explamed by t_he use of high debn-_ D. XRD result
centration in metalorganic chemical vapor deposition
growth, as opposed to MBE growth, which may change the XRD was carried out using a Philips X'Pert PRO x-ray
stable phase in a different process, but further investigation igiffraction system with an angular resolution up to 0.0001°.
needed to fully understand this phenomenon. Figure 5 shows the XRD measurement of the samples that
have been grown at various temperatures with a flux ratio of
2.5X. All the films have a thickness of 4000 A. Comparing
C. AFM results . I, -
their peak position and peak width, the sample grown at
AFM gives a quantitative characterization of the surface500 °C shows the best crystalline quality. The G@P4)
roughness. Figure 4 shows an AFM image of the films growrpeak position matches the simulated results, and the peak
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width is very narrow with full width at half maximum These results are very encouraging and provide a foundation
(FWHM)=0.036°. This means a uniform and strain-freefor the development of the OP—GaP based nonlinear devices.
film has been grown under this condition. This result is better

than that of previously reported wotk.With deceasing ACKNOWLEDGMENTS
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