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Chemical beam epitaxial growth of Si-doped GaAs and InP
by using silicon tetraiodide
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Silicon tetraiodide~SiI4!, which has a very weak Si–I bond strength~70 kcal/mol!, is successfully
employed as a novel Si dopant in the chemical beam epitaxy of GaAs and InP. No precracking is
necessary before supplying SiI4 with He carrier gas. High electrical quality is ascertained for both
GaAs and InP with linear Si doping controllability in the range from 231016 to 631018 cm23 with
a uniformity of less than 2% within a 3-in.-diam area. The electron mobility in a GaAs with a carrier
concentration of 131017 cm23 is 4400 cm2/V s and that in InP with a carrier concentration of
431017 cm23 is 2400 cm2/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 SiI4 for both GaAs and InP is almost 100% in the range
studied here. These versatile features suggest that SiI4 is a promising candidate as a Si dopant source
for chemical beam epitaxy growth. ©1996 American Institute of Physics.
@S0003-6951~96!01022-4#

Silicon ~Si! is one of the most commonly usedn-type
dopants for III–V compound semiconductors due to its low
thermal diffusivity and low surface segregation. Elemental Si
in a Knudsen cell is often used for Si doping in conventional
molecular beam epitaxy~MBE! and gas source MBE~GS-
MBE!, while it cannot be used in chemical beam epitaxy
~CBE! or metalorganic molecular beam epitaxy~MOMBE!
due to the organic passivation of the Si atoms.1 The preferred
vapor source of Si used mainly for metalorganic chemical
vapor deposition~MOCVD! is SiH4 and Si2H6. The pre-
cracking of SiH4 is required for efficient doping in InP and
InGaAs for use in CBE because growth temperature is ap-
proximately 100 °C lower than that for GaAs.2 Since Si2H6 is
found to be easily decomposed compared to SiH4, Si2H6 has
been mainly used for the growth of InP-related materials.3–5

The carrier concentration up to 1.431018 cm23 was obtained
with CBE-grown InP by Si2H6.

5 Controllability especially at
a low-doping level, however, is still insufficient for device
applications as the collector layer of heterojunction bipolar
transistor~HBT!. Many researchers have experimented with
various dopant sources, such as triethylsilane~TESiH!,6 di-
ethyltelluride ~DETe!,6 tetraethyltin~TESn!,6,7 and tertiary-
butyloctasilacubane@~tBuSi!8#.

8 Recently, it has been re-
ported that Si doping efficiency and controllability are
improved for InP and InGaAs growth by using silicon tetra-
bromide~SiBr4!,

9,10 which has a relatively weak~87.9 kcal/
mol! Si–Br bond strength,11 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 ~SiI4!, which has a very weak Si–I bond strength~70
kcal/mol!11 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
GaAs and Fe-doped InP~100! 3-in.-diam substrates. The
GaAs layer was grown at 510 °C with a growth rate of 0.65

mm/h by using triethylgallium~TEGa! and arsine~AsH3!.
The InP layer was grown at 460 °C with a growth rate of 0.5
mm/h by using trimethylindium~TMIn! and phosphine
~PH3!. The Si dopant was specially provided 5N grade purity
SiI4, which was supplied with helium~He! carrier gas
through a mass flow controller without any precracking. The
boiling and melting points of SiI4 are 288 and 120.5 °C,
respectively. Here 10% Si2H6 diluted with hydrogen~H2!
was used as a reference in some experiments. Hall measure-
ments have been performed at room temperature using the
Van der Pauw method to determine the net electron concen-
tration and mobility. Secondary-ion-mass spectrometry
~SIMS! was performed with Cs1 beam to evaluate the Si
doping profile.

Figure 1 shows the dependence of the net carrier con-
centration and electron mobility in GaAs and InP on flow
rate of SiI4 diluted with He carrier gas. The net electron
concentration increases from 2.031016 ~at 0.2 sccm! to
2.731018 cm23 ~at 10 sccm! in GaAs and from 3.731017 ~at
1 sccm! to 5.731018 cm23 ~at 10 sccm! in InP ~at the SiI4

a!Electronic mail: izumi@oml.melco.co.jp

FIG. 1. Dependence of net carrier concentration and electron mobility in
GaAs ~s, n! and InP~d, m! on flow rate of SiI4 diluted with He carrier
gas. The temperature of SiI4 bubbler was maintained at 50 °C.
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temperature of 50 °C!. High electrical quality was obtained
for both GaAs and InP with linear Si doping controllability.
The different Si incorporation efficiency between GaAs and
InP at the same SiI4 flow rate was due to the machine’s
configuration. The higher the temperature SiI4 goes, the
higher the net carrier concentration becomes with the activa-
tion energy of 1.6 eV~at 2 sccm!. The maximum net carrier
concentrations obtained for GaAs and InP were 6.131018 at
7 sccm and 1.731019 cm23 with a SiI4 flow rate of 10 sccm
at 60 °C. Since the flow rate of SiI4 in our CBE system is
controllable in the range between 0.2 and 10 sccm, precise
doping control can be achieved in the range between 231016

and 2.731018 cm23 in GaAs, which are adequate for the
collector and emitter of AlGaAs/GaAs or InGaP/GaAs het-
erojunction bipolar transistor~HBT!, respectively. Surface
morphology is quite fine as well, even for heavily Si-doped
GaAs and InP. The electron mobilities of the GaAs layers
doped by SiI4 are comparable to these using elemental Si.
These InP layers are also comparable to these reported by
such as Jacksonet al.9 The dependence of the net carrier
concentration and mobility forn-GaAs layers grown by us-
ing SiI4 on the growth temperature and III/V ratio is com-

pared in Figs. 2 and 3 with those forn-GaAs layers grown by
using Si2H6. The net carrier concentration of GaAs layers
grown by SiI4 is constant in the entire growth temperature
and III/V ratio ranges investigated, in contrast to Si2H6 dop-
ing. This results in excellent uniformity. The uniformity of
the sheet resistance, defined by~standard deviation/average!
over 3-in.-diamn-GaAs andn-InP layers grown by SiI4, is
less than 2%, while that by Si2H6 is higher than 8%.

Figure 4 shows the SIMS profile of a Si-modulation-
doped GaAs layer by using SiI4. Abrupt interfaces and pre-
cise on-off controllability were obtained without any
memory effect. In addition the Si concentration was held
constant in each doped region step. Furthermore, SiI4 does
not introduce any other impurities, such as iodine, oxygen, or
sulfur. The relation between carrier concentration and Si
concentration in Si-doped GaAs by using SiI4 and Si2H6, and
Si-doped InP by using SiI4 is shown in Fig. 5. The electrical
activation ratio of Si in SiI4 for both GaAs and InP is almost
100% in the range studied, while that in Si2H6 is 80% or less.
These versatile features are thought to be due to the very
weak Si–I bond strength in SiI4 ~70 kcal/mol!. On the other
hand, Si in Si2H6 has a Si–Si bond and three Si–H bonds
whose energy is stronger than the Si–I bond, which might
promote atomic Si formation and incorporation into GaAs
and InP.

The growth rates for both GaAs and InP were constant
over a wide doping range, indicating that there was little

FIG. 2. Net carrier concentration and electron mobility ofn-GaAs doped by
SiI4 ~d, m! and Si2H6 ~s, n! as a function of growth temperature. The
AsH3 flow rate was maintained at 4.5 sccm.

FIG. 3. Net carrier concentration and electron mobility ofn-GaAs doped by
SiI4 ~d, m! and Si2H6 ~s, n! as a function of III/V ratio. The growth
temperature was maintained at 510 and 520 °C for using SiI4 and Si2H6,
respectively.

FIG. 4. SIMS profile of Si-modulation-doped GaAs layer by using SiI4.

FIG. 5. Relation between carrier concentration and Si concentration in Si-
doped GaAs by using SiI4 ~d!, by using Si2H6 ~s!, and Si-doped InP by
using SiI4 ~n!.
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etching with iodine~I! radicals. While carbon doping by
CCl4 promotes the etching of the grown layer at a high flow
rate condition,12 Si doping by SiI4 eliminates this kind of
problem due to a very low flow rate~high doping efficiency!
and growth has been performed under a reduced SiI4 flow
rate. The growth rate for both GaAs InP did not change in
spite of heavy doping due to the very low etching effect of
the iodine, although a dependence of the alloy composition
of InyGa12yP on the flow rate of SiI4 was observed at a
higher doping level than 131018 cm23. As the flow rate of
SiI4 increases from 5 to 10 sccm, the In composition in
InGaP~y! decreases from 48.2 to 42.8%~becomes Ga rich!.
This phenomenon is similar to that of Jackson’set al. report9

which studiedn-InGaAs by using SiBr4, and the consider-
ation has to be discussed in more detail.

In conclusion, SiI4 has been used as a new Si dopant
source in GaAs and InP grown by CBE. The net carrier
concentration of GaAs and InP doped by SiI4 is comparable
with previous reports using other dopants. A constant carrier
concentration was obtained in a wide growth temperature
range from 470 to 540 °C and a III/V ratio range from 10 to
20, so that an excellent sheet resistance of less than 2% uni-
formity for both n-GaAs andn-InP layers grown on 3 in.
diameter was also obtained. The relation between carrier
concentration and Si concentration in Si-doped GaAs by us-
ing SiI4 and Si2H6, and Si-doped InP by using SiI4 was de-

termined and the electrical activation ratio of Si in SiI4 for
both GaAs and InP is almost 100% in the range studied,
while that for Si2H6 is 80% or less. These satisfactory results
suggest that SiI4 is a promising candidate as a Si dopant
source for CBE growth.
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