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Chemical beam epitaxial growth of Si-doped GaAs and InP
by using silicon tetraiodide

Shigekazu Izumi,® Norio Hayafuji, Kazuhiko Ito, Kazuhiko Sato, and Mutsuyuki Otsubo
Optoelectronic & Microwave Devices Laboratory, Mitsubishi Electric Corporation, 4-1 Mizuhara,
Itami, Hyogo 664, Japan
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Silicon tetraiodide(Sil,), which has a very weak Si—I bond strend@#® kcal/mo), is successfully
employed as a novel Si dopant in the chemical beam epitaxy of GaAs and InP. No precracking is
necessary before supplying Swith He carrier gas. High electrical quality is ascertained for both
GaAs and InP with linear Si doping controllability in the range from1®'® to 6x10' cm™2 with

a uniformity of less than 2% within a 3-in.-diam area. The electron mobility in a GaAs with a carrier
concentration of X107 cm 2 is 4400 cn¥/V s and that in InP with a carrier concentration of
4x10 cm3 is 2400 cnd/V s, respectively. Abrupt interfaces and precise on-off controllability
without any memory effect is also confirmed by secondary-ion-mass, spectroscopy measurements.
The electrical activation ratio of Si in Sifor both GaAs and InP is almost 100% in the range
studied here. These versatile features suggest thasSilpromising candidate as a Si dopant source
for chemical beam epitaxy growth. @996 American Institute of Physics.

[S0003-695(196)01022-4

Silicon (Si) is one of the most commonly usedtype  um/h by using triethylgallium(TEGa and arsine(AsH,).
dopants for IlI-V compound semiconductors due to its lowThe InP layer was grown at 460 °C with a growth rate of 0.5
thermal diffusivity and low surface segregation. Elemental Sium/h by using trimethylindium(TMIn) and phosphine
in a Knudsen cell is often used for Si doping in conventional(PHy). The Si dopant was specially provide §rade purity
molecular beam epitaxyMBE) and gas source MBEGS-  Sil,, which was supplied with helium(He) carrier gas
MBE), while it cannot be used in chemical beam epitaxythrough a mass flow controller without any precracking. The
(CBE) or metalorganic molecular beam epitablOMBE)  boiling and melting points of Sjlare 288 and 120.5 °C,
due to the organic passivation of the Si atdrhe preferred  respectively. Here 10% i diluted with hydrogen(H,)
vapor source of Si used mainly for metalorganic chemicaias used as a reference in some experiments. Hall measure-
vapor deposition(MOCVD) is SiH, and SjHg. The pre- ments have been performed at room temperature using the
cracking of SiH is required for efficient doping in InP and Van der Pauw method to determine the net electron concen-
InGaAs for use in CBE because growth temperature is aptration and mobility. Secondary-ion-mass spectrometry
proximately 100 °C lower than that for GaASince SjHg is (SIMS) was performed with Cs beam to evaluate the Si
found to be easily decomposed compared to,SBLHg has ~ doping profile.
been mainly used for the growth of InP-related materats. Figure 1 shows the dependence of the net carrier con-
The carrier concentration up to %408 cm ™3 was obtained centration and electron mobility in GaAs and InP on flow
with CBE-grown InP by SH.5 Controllability especially at rate of Sih_ dilgted with He carrier %as. The net electron
a low-doping level, however, is still insufficient for device concentgatlops increases from X00*° (at 0.2 SCC@;‘ to
applications as the collector layer of heterojunction bipolarz'7><101 cm ” (at 180 scgmm GaAs and from 310" (at
transistor(HBT). Many researchers have experimented withl SCCM t0 5.7x10'" cm™* (at 10 sccmin InP (at the Si
various dopant sources, such as triethylsil&RESiH),° di-
ethyltelluride (DETe).® tetraethyltin(TESN,®” and tertiary-
butyloctasilacuband (tBuSi)g].2 Recently, it has been re-
ported that Si doping efficiency and controllability are
improved for InP and InGaAs growth by using silicon tetra-
bromide (SiBr,),%1° which has a relatively weal87.9 kcal/
mol) Si—Br bond strength! which suggests that the facile
decomposition of Si is inevitable for a Si dopant source.

In this letter, we show the versatility of silicon tetraio-
dide (Sil,), which has a very weak Si—I bond strendit0
kcal/mo)*! as a novel Si dopant source for CBE growth of
GaAs and InP through the electrical characterization.

Si-doped GaAs and InP were grown by CBE on undoped 10 10° 10°
GaAs and Fe-doped IfP00 3-in.-diam substrates. The Flow rate of Sil4+ (sccm)

GaAs layer was grown at 510 °C with a growth rate of 0.65

FIG. 1. Dependence of net carrier concentration and electron mobility in
GaAs (O, A) and InP (@, A) on flow rate of Si} diluted with He carrier
3Electronic mail: izumi@oml.melco.co.jp gas. The temperature of Siubbler was maintained at 50 °C.

10 19

E
10 18 i
10 17E

10 16

[ |||||||| 1 ||||||||||| ||||||d |||||||||-|
o
Mobility (cm2/V-s)

-
(=4
©

Carrier Concentration (cm-3)

3102 Appl. Phys. Lett. 68 (22), 27 May 1996 0003-6951/96/68(22)/3102/3/$10.00 © 1996 American Institute of Physics



"’A 19 A1°20 LI I rrre LELELEL LI LILELEL rorria

'E 10 LI IR LB LI BL I NN N BB c:é 1 sccml F: " If | |

< 3 10 335022:'" o ateS?IIA:w scem

= -\

:‘g 1013 P *— g 10 18 +E|’:\I:§rl;:ce

g Q =

- > ©

c S 510"

3] £ g

S 10" 10 £ o 10°

o Z S 101 0

> = 10 FF AN

g .8 e OFF OFF Background

é)la T T T T 1032 w1014 RN FENNE SRRl ENE N IR A
440 460 480 500 520 540 560 0 10000 20000 30000

Depth (A)

Growth Temperature (°C)

FIG. 4. SIMS profile of Si-modulation-doped GaAs layer by using Sil
FIG. 2. Net carrier concentration and electron mobilityngsaAs doped by

Sil, (@, A) and SjHg (O, A) as a function of growth temperature. The . . .
A5H3 flow rate was maintained at 4.5 sccm. pared n FIgS. 2 and 3 W|th thOSG fD‘lGaAS |ayerS gI’OWﬂ by

using SjHg. The net carrier concentration of GaAs layers

o _ ) ) grown by Sil, is constant in the entire growth temperature
temperature of 50 °C High electrical quality was obtained nq 1117V ratio ranges investigated, in contrast tghgj dop-

for both GaAs and InP with linear Si doping controllability. jng This results in excellent uniformity. The uniformity of
The different Si incorporation efficiency between GaAs andie sheet resistance, defined (sjandard deviation/average
InP at the same Sjlflow rate was due to the machine’s over 3-in.-diamn-GaAs andn-InP layers grown by Sjl is

configuration. The higher the temperature ;Sgoes, the |agg than 2%, while that by $i, is higher than 8%.
higher the net carrier concentration becomes with the activa- Figure 4 shows the SIMS profile of a Si-modulation-

tion energy of 1.6 e}(at 2 sccm. The maximum net cgrrler doped GaAs layer by using SilAbrupt interfaces and pre-
concentrations obt%meolsfor_GaAs and InP wered@®at  (ise on-off controllability were obtained without any
7 sccm and 110" cm with a Sil, flow rate of 10 scCM  memory effect. In addition the Si concentration was held
at 60 °C. Since the flow rate of giln our CBE system is constant in each doped region step. Furthermore, dgies
controllable in the range between 0.2 and 10 sccm, PTECISRot introduce any other impurities, such as iodine, oxygen, or
doping control can be achieved in the range betweeb®°® ¢ if,r The relation between carrier concentration and Si

8 3 i ;
and 2.%10°® cm ® in GaAs, which are adequate for the ¢oncentration in Si-doped GaAs by using,Sihd SiHs, and
collector and emitter of AlGaAs/GaAs or InGaP/GaAs het'Si-doped InP by using Silis shown in Fig. 5. The electrical

erojunction bipolar transistofHBT), respectively. Surface activation ratio of Siin Sij for both GaAs and InP is almost
morphology is quite fine as well, even for heavily Si-dopedqgo in the range studied, while that inJSi is 80% or less.
GaAs and InP. The electron mobilities of the GaAs layersrnese versatile features are thought to be due to the very
doped by Sil are comparable to these using elemental Si\yeak Si—| bond strength in Si(70 kcal/mo). On the other
These InP layers are also comparable to these reported Bnq si in SiH, has a Si—Si bond and three Si—H bonds

9 .
such as chksoet al. The dependence of the net carrier \,hose energy is stronger than the Si—I bond, which might
concentration and mobility fon-GaAs layers grown by us- omote atomic Si formation and incorporation into GaAs
ing Sil, on the growth temperature and III/V ratio is com- 54 |np.

The growth rates for both GaAs and InP were constant

over a wide doping range, indicating that there was little
Flow Rate of AsH3 (sccm)
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FIG. 3. Net carrier concentration and electron mobilitynebaAs doped by
Sil, (@, A) and SiHg (O, A) as a function of IlII/V ratio. The growth  FIG. 5. Relation between carrier concentration and Si concentration in Si-
temperature was maintained at 510 and 520 °C for usingaidl SjHg, doped GaAs by using Sil(®), by using SjHg (O), and Si-doped InP by
respectively. using Sil, (A).
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etching with iodine(l) radicals. While carbon doping by termined and the electrical activation ratio of Si in,Sibr
CCl, promotes the etching of the grown layer at a high flowboth GaAs and InP is almost 100% in the range studied,
rate conditiont? Si doping by Si} eliminates this kind of while that for SiHg is 80% or less. These satisfactory results
problem due to a very low flow ratigh doping efficiency  suggest that Sjlis a promising candidate as a Si dopant
and growth has been performed under a reducegfBiv  source for CBE growth.
rate. The growth rate for both GaAs InP did not change in
spite of heavy doping due to the very low etching effect of 1p. J. Skevington, D. A. Andrews, and G. J. Davies, J. Cryst. Grafh
the iodine, although a dependence of the alloy composition,371 (1990.
of In,Ga,_,P on the flow rate of Sjlwas observed at a ("3' ro'\','\%”gfkgo}ilgg%r”er M. Weyers, H. Luth, and P. Balk, J. Cryst.
higher doping level than 110" cm™>. As the flow rate of ¢, Kimura, S. Horiguchi, K. Kamon, M. Shimazu, M. Mashita, M. Mi-
Sil, increases from 5 to 10 sccm, the In composition in hara, and M. Ishii, J. Cryst. Growiil, 276 (1987.
InGaP(y) decreases from 48.2 to 42.8€khec0mes Ga rich 4M. Shimazu, K. Kamon, K. Kimura, M. Mashita, M. Mihara, and M. Ishii,
This phenomenon is similar to that of Jacksoetsal. reporf 52 Cryst. Growtrss, 327(1987.
; . . : ; H. Ando, N. Okamoto, A. Sandhu, and T. Fuijii, Jpn. J. Appl. PI8G.
which studiedn-InGaAs by using SiBy, and the consider- 1696 (1991.
ation has to be discussed in more detail. 6M. Weyers, J. Musolf, D. Marx, A. Kohl, and P. Balk, J. Cryst. Growth
In conclusion, Sij has been used as a new Si dopant éoisigéir?agg S. J. Pearton, F. Ren, and J. Song, J. Cryst. Gidath
source in GaAs and InP grown by CBE. The net carrier 412 (1991). y: g y
concentration of GaAs and InP doped by,S8 comparable  8v. Horikoshi, M. R. Fahy, M. Kawashima, K. Furukawa, M. Fujino, and
with previous reports using other dopants. A constant carrler N. Matsumoto, Jpn. J. Appl. Phy83, L413 (1994.
concentration was obtained in a wide growth temperature fet'{ é’jc'z‘ggg (1“395 Fresina, J. E. Baker, and G. E. Stillman, Appl. Phys.
range from 470 to 540 °C and a Ill/V ratio range from 10 t0 10y 1 Fresing, S. L. Jackson, and G. E. Stillman, Proceedings of the
20, so that an excellent sheet resistance of less than 2% uniinternational Symposium Compound Semiconductors, San Diego, 1994,
formity for both n-GaAs andn-InP layers grown on 3 in. _p. 699.
diameter was also obtained. The relation between carnerCRC Handbook of Chemistry and Physics, 72 nd @891-199%, pp.
concentration and Si concentration in Si-doped GaAs by US2R ‘A Hamm, S. Chandrasekhar, L. Lunardi, and M. Geva, J. Cryst.

ing Sil, and SjHg, and Si-doped InP by using $iwas de- Growth 148 1 (1995.
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