
�������� 4.1 	��
����

���
����������	������������������������	����������    

InP/GaAs0.8-1.2� 3.5X10
141,000-4,700LP-MOCVDLee[44]

InP/InP21X10
14

-3X10
152,700-4,500MOMBERitter[43]

InP/InP4-51.3X10
14

-2X10
162,000-5,200CBERudra [42]

InP/InP41.2X10
154,500MBE

(GaP Source)

Sandhu [41]

InP/InP0.1-0.85X10
16

-1X10
181,000-2,000MBE

(InP Source)

Yang [9]

InP/GaAs1.24X10
16

-9.5X10
18237-1,761MBE 

(GaP Source)

�����������

�!��"����Thickness 

(�m)

Nd (cm-3)

(300 K)

��(cm2/V.s)

(300 K)

TechniqueAuthors

4.6 �������	
��
��


�#����  4.7  $�%"
�	���&��������'����		����#	��*	����+:;$#&� 450ºC ��������"'�� BEP ���

P2/In &�!'�
�'�	�
 20  ���!'����"+�"#����!'� 1.418 eV  ���������		��
����������
%�����������
�<	����

��	����
%��������=�"+�����>
%�������=��??@� (Conduction band) ��F�"#'����
%������"#�"+�����>


%��������
��HJ (Valence band)  ���
	���*��F���*	��%���	H�  InP      "=�;��
!'������� 1.512 eV   ���������	

	��
����������
%�����������
�<	������	����
%��������=�"+�����>
%�������=��??@� (Conduction

band) ��F�"#'����
%������"#�"+�����>
%��������
��HJ (Valence band)  ���
	���*��F���'���*	Q��

GaAs    "'������
%����������� ���&�!'���=��&'"�&��>�"��F;�
;<�F�	����������    
�������	����=�	��

���U+���

 PL ���FU�F�	����������   ���	=��������	���
�
H��J���FU�F������������&�	=������=�
	���� (6

mW) �*��=�F;�"�XX�:����������&�����
�<	&�	� �&'"�&��>�=�	��
����

���
�����'���'��� ���F�	����

������ ��	��	����F�	����������"�&��>������
Z%��	�:���������'�����
��'��"�F�U'��!��&���!����

���"���	�'� 900 ����
&��
�'�����  
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�#���� 4.7  "
�	���&��������'����		����#	��*	����+:;$#&� 450ºC ��������"'�� BEP ��� P2/In 

                       &�!'�
�'�	�
 20

4.7 �
��
���������
����
���� Si
"=�;��
����??@����U�����*	��%���	H� InP ���&�	��
��� Si ��������	�;�'��'�� Si  ���&�!'��+:$#&��'���

F�	�������"�&��>�"��������F��#���� 4.8  ��� 4.9  ���!'�!��&
��&���%�;��������*��	�
!'�"'��	��


���!'��+:;$#&�"&
#�:J����;�'��'�� Si   H*��&�!��&"�&%��\J
�^��


U��
"������	�:� (100) ��� (411)A  

���!'�!��&
��&���%�;�����"��	�:�������&�!'�F	��
!���   "=�;��
!'�!��&!�'�����%�;�	<&�!'�F	��
!���	�


���!'�!��&!�'�����%�;�&�!'�"#�F�	�: ����!'�!��&
��&���%�;�&�!'���=�   ���!'�!��&!�'�����%�;�&�!'�

����F�	�: ����!'�!��&
��&���%�;�&�!'�"#��*��   ����		��
����������!'�!��&!�'��������������		��


%��&!��&
��&���%�;����
	��	��	��
������%�;����&���&�	�*��F�	�:����!'�!��&
��&���%�;�&�!'�
%��&�*��

���
�^����=�F;�!'�!��&!�'�����%�;�&�!'�����
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�#���� 4.8 !��&"�&%��\J��;�'��!'�!��&
��&���%�;� ���"'��	��
��_�"&
#�:J����+:;$#&��;�'��'�� Si

                ���!'� BEP ���  In = 4 �10-7 torr ��� P2  = 8�10-6 torr �+:;$#&���'���*	 500�C

�#���� 4.9 !��&"�&%��\J��;�'��!'�!��&
��&���%�;� ���!'�!��&!�'�����%�;���������	����&�#���� 4.8 
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����� 5
����

F��!�����������������=�	��_*	f�
����������	����#	U�����*	��%���	H�    InP     
���'���*	

Q��
���&��� (100) GaAs ��� (411)A GaAs ������\�	����#	��*	��%���	H���	�=��&
�	+�  ���FU��;�'�

�'��?�?�"��"��		��"������ (Decomposition) ��� GaP  �����#'F��#�����%��!��"������J (Polycrystal-

line)  !+:"&
��������*	 InP ����������*��	�

����������FU�F�	����#	��*	����	' �+:;$#&���'���*	Q���:�

�����#	��*	���!'������"'��!��&��� BEP ��� P2/In     U'��!'��+:;$#&����
;&��"&F�	����#	��*	��#'F�

U'�� 300-500ºC ���	����#	��*	���!'��+:;$#&�"#�  "=�;��
!'������"'��!��&��� BEP ��� P2/In  F�U'��

10-20    ��F;�!'�!��&!�'�����%�;�"#�&�!'�"#�  ���&�!'�����F�	�:����!'������"'��!��&��� BEP ���

P2/In ��=�	�'� 10  !+:"&
��������*	 InP 
���'���*	Q��
���&��� (100) GaAs   ���������&�%�;��=��??@�

"'��F;X' 
�^��� 
�<	����;���
�^�"��	*������=�U���
�<� (n-type)  ���&�!'�!��&
��&���%�;�

4X1016-9.5X1018 cm-3 ���!'�!��&!�'�����%�;� 237-1,761cm2/V-s ����+:;$#&�;��� ��	��	���!+:$�%���

�����*	 (Surface Morphology) �������*��	�

����������FU�F�	����#	��*	
U'�
����	��   "=�;��
	��
��� Si F�

��*	��%���	H� InP  ����F�	�:���'���*	Q��
���&��� (100) GaAs ��� (411)A GaAs F�
�������	����#	��*	

���
;&���	��!'�!��&
��&���%�;����!'�!��&!�'�����%�;�������&�!'�F	��
!���	��    ���!'�!��&
��&���

%�;��*��	�
!'��+:;$#&��;�'��'�� Si   H*��F�	�����������+:;$#&��;�'��'�� Si F�U'�� 860-940ºC ���!'�

!��&
��&���%�;� 1X1017-2.54X1018 cm-3 ���!'�!��&!�'�����%�;� 1,020-1,989 cm2/V-s ����+:;$#&�;���  

���!'�!��&!�'�����%�;�&�!'�����
&���!'�!��&
��&���%�;�&�!'�
%��&�*��
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����� 6

�����!��!"

"=�;��
�����������!'��+:;$#&����FU�F�	����������
�^�!'���������		��
����

���
�#��

 RHEED

����+�
�����������'��� H*��&�!��&!���
!�����&�		�'� 10ºC  H*����\�	�������"+�!��	��FU� IR pyrometer

��'
!�����&�������!��%� "=�;��
��	��\�;�*������	'	��FU���;�;�����"�+���&�!'��+�;��&
;��F�U'�����
���=�

��� 
U'�  Al  &��+�;��&
;�� ���  660ºC ;��� InSb  &��+�;��&
;�� 525ºC  ������
� Block ���&���'���*	

Q�������#'   ����=�	��
����

���
��������	 pyrometer  ���!'���������	 Thermocouple  
%���F;�"�&��>

	=�;��!'��+:;$#&������'���&'��=������*��   ��'��\�	������+'���	����&'
;&��"=�;��
	���=����F�U'���+:;$#&�

���	����&�	���  ;�	FU�F�	������
U��%�:�U�J�=�
�^�����FU�
!�����&�����   
%���F;�	���������"�&��>�=�H�=����

(repeatability)  ��	��	������&�!��&�=�
�^���������"�
!+:"&
�������!����*	���� X-ray   H*��
!�����&�����


;&��"&"=�;��
������!�� Double Crystal X-ray diffractometer    
�������	�&'&�
!�����&��U������F����
�_

��� ���
�^�
!�����&��;��	���	�����������"��������fQJ�����"�+���FU�F�	��"����"��������fQJ���FU�F�

��

"���"������"�   ���FU�F�	��!'���
!���;J!'�!������*	 (Lattice Constant)   ���
Z%����"�+"��

���	�
U��� 3 \��+ (Ternary) ���U���  4 \��+ (Quaternary)      ���
!�����&��"�&��>
�	!��&��	�'��

���!'�!������*	���U�����*	������	�
	��
�^��!��"����"��������fQJ���  �������>��&�!��&%���&����+�	�:J

	����������������"�+��
�<	�����	"J��&�!��&!�'�����&�	�*��  �����	������������"�&��>�=�	�������"��

���	�
����� 
U'� GaSbAs,   InGaAlAs, ��� GaPSb  
%����=�&�FU�F�	��"����"��������fQJU�������� �'���

!:��#������;�������'�F��!��	������������ ���
	����	�
������������'�
�������	�!��	���������������	��

"��
"�+����"'�
"��&�'���F����!�     
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Molecular beam epitaxy growth of InP layers on GaAs
substrates using GaP decomposition source

Somchai Ratanathammaphan*, Supachok Thainoi, Pornchai Changmoang,
Suwat Sopitpan, Choompol Antarasena

Department of Electrical Engineering, Chulalongkorn University, Bangkok 10330, Thailand

Abstract

The growth of InP layers on GaAs substrates by molecular beam epitaxy (MBE) using gallium phosphide (GaP) as a

phosphorus source was investigated. The surface reconstruction during the growth was monitored by reflection high
energy electron diffraction (RHEED), the high-quality InP layers on GaAs substrates with specular surface morphology
could be obtained. The effects of growth temperatures and V/III ratios on the properties of InP epi-layers were studied.
The undoped layers showed n-type conduction behavior with a background carrier concentration of 4� 1016–

9.5� 1018 cm�3 and mobility of 237–1761 cm2V�1 s�1, both at room temperature, as measured by van der Pauw
method. Our results showed a strong dependence of growth quality on growth conditions such as growth temperatures
and P2/In flux ratios. # 2001 Elsevier Science B.V. All rights reserved.

PACS: 73.61.Ey

Keywords: A1. Characterization; A1. Reflection high energy electron diffraction; A3. Molecular beam epitaxy; B1. Phophides;

B2. Semiconducting gallium arsenide; B2. Semiconducting gallium compounds; B2. Semiconducting indium phosphide; B2. Semi-

conducting materials

1. Introduction

The fabrication of III–V compound on highly
mismatched substrates has been widely investi-
gated as a key technology to developing the
optoelectronic integrated circuits (OEICs). High
speed devices have been fabricated on GaAs
substrates and InP-based optoelectronic devices
have been realized at the 1.3 and 1.55 mm
wavelengths for ultrahigh speed and long haul
optical fiber communication applications. There-

fore, it would be advantageous to combine these
two technologies on a single substrate in order to
realize OEICs. To minimize the substrate cost, a
heteroepitaxial technology that merges InP on
GaAs substrates for OEICs is desirable. Due to
advanced GaAs processing technology, GaAs ICs
can be formed directly on high quality and large
diameter GaAs substrates.

Conventionally, the phosphorus source used for
the growth of phosphorus-based compound semi-
conductors is either phosphine (PH3) in metal
organic chemical vapor deposition (MOCVD), gas
source molecular beam epitaxy (GSMBE), and
chemical beam epitaxy (CBE) or solid red phos-
phorus, in solid source molecular beam epitaxy.
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However, PH3 is not ideal, because it is toxic: the
accumulation of white phosphorus is flammable
and is therefore a safety hazard. In the case of red
phosphorus, it has to be cracked at a high
temperature to produce a P2 flux using cracker
effusion cells, giving rise to complicated and
expensive growth process. All of these techniques
require extremely demanding pumping capability.
Therefore, it is difficult to apply in normal MBE
systems. Recently, the decomposition of GaP
source technique has been developed where P2

beam can be obtained [1,2]. The Ga-free phos-
phorus beam from GaP source can be generated
using a conventional effusion cell and a Ga-
trapping cap [2]. The merits of this method is to
produce a pure beam of dimer (P2) or high ratio of
P2/P4 which effectively eliminates white phos-
phorus formation, simplifies operation, and re-
duces the equipment cost.

In this work, the growth of InP layers on GaAs
substrates grown by solid source MBE using GaP
decomposition source has been demonstrated.
Surface reconstruction during growth was mon-
itored by reflection high energy electron diffraction
(RHEED). The effects of growth temperatures and
P2/In flux ratios on the properties of InP layers on
GaAs substrates were also investigated.

2. Experimental procedure

The growth was carried out in a conventional
solid source molecular beam epitaxial system
utilizing high-purity elemental Ga, In, As and
GaP ingots or chunks. The P2 beam was generated
by decomposing of GaP source from a conven-
tional effusion cell with a scavenger at the orifice
[2]. Semi-insulating GaAs (1 0 0) substrates, quar-
ter wafers, were used for growth. These were
prepared by solvent degreasing and chemical
etching, after which they were mounted onto Mo
holders using In solder. The holders containing the
substrates were outgassed at 2508C for 1 h to
remove any contamination in the preparation
chamber before being transferred into the growth
chamber. Native oxide from the surface of GaAs
was then removed by heating at 6008C in the
presence of As4 flux. After oxide desorption, a

5000 Å GaAs buffer layer was grown at 5808C.
The Ga beam equilibrium pressure (BEP) was
2.7� 10�7 Torr. The growth rate of GaAs buffer
layer was 0.5 mmh�1. The BEP As4/Ga ratio is
approximately 20. The pressure background dur-
ing the growth of GaAs buffer layer was between
4–6� 10�8 Torr. The substrate temperature was
then ramped down to 2508C and the As4 cell was
cooled down to 1008C. A period of 1–2 h was
allowed in order to reduce the As background in
the growth chamber, until the background pres-
sure was lower than 10�9 Torr. The GaP source
was ramped up to the setting temperature for each
condition. The substrate temperature was ramped
up to 3008C, then the P2 beam was switched on.
The growth of the InP started after the substrate
temperature was raised to the desired value. The
surface reconstruction during the growth was
examined by reflection high energy electron
diffraction (RHEED). The surface morphology
of the epi-layers was examined using optical
microscope. All the InP layers were determined
by low-temperature photoluminescence and van
der Pauw measurements with Au–Ge/Au alloyed
ohmic contacts [3]. The In beam equilibrium
pressure (BEP) was 1.6� 10�7 Torr. This pressure
gave a growth rate of 0.2 mmh�1. The thickness of
the InP layers was maintained at about 1 mm.

3. Results and discussion

The (1 0 0) GaAs surface at 4508C exhibited the
familiar c(4� 4) RHEED reconstruction which
remained when the substrate was heated to 4508C,
even with a flux of P2 incident on the surface.
Fig. 1 shows the RHEED patterns taken along
[0 1 1] azimuth of the equivalent of 0, 30 s, 5min
growth durations and after a 1 mm growth (5 h) of
InP layer on the (1 0 0) GaAs substrate which at
4508C. After InP deposition for 30 s, the RHEED
pattern became spotty indicating growth of 3
dimension (3D) island nucleation (Fig. 1(b)).
These observations suggest a Stanski–Kranstanov
growth mode during this period since the growth
of InP has started. Fig. 1(c) shows the RHEED
pattern becomes a clear c(2� 4) after the growth
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of 5min which indicate that smooth and specular
InP layers were grown on GaAs substrates.

The surface morphology of the samples are
respectively shown in Figs. 2 and 3 as functions of
P2/In ratio and growth temperature. The surface
morphology is improved when the P2 pressure is
increased as seen in Fig. 2. Fig. 2(a) shows the
rough surface morphology of the sample which
was grown at 4508C with BEP P2/In ratio of 5. The
surface morphology of this sample is surfboard-
shaped-like defects which were caused by the effect
of phosphorus-deficient growth. The surface of the
sample grown at 4508C with BEP P2/In ratios of
10, 20, and 30 are smooth and mirror-like as

shown in Figs. 2(b)–(d). The hilllocks-like defects
are caused by impurity which arises from the oxide
within the effusion cells and the anisotropic
growth. These influence the growth direction of
defects which may result from the effect of crystal
orientation dependent surface diffusion. Fig. 3(a)
shows the surface morphology of the sample
grown at 3008C with BEP P2/In ratio of 10. The
surface is smooth and mirror-like with high
density of point defects due to nonstoichiometric
growth at low temperature which causes incor-
poration of excess group V materials. Fig. 3(b)
shows that the surface morphology is similar to the
morphology of the previous samples which were

Fig. 1. RHEED patterns taken during the growth of InP layer on GaAs showing the surface reconstruction after the deposition time of

(a) 0 s, (b) 30 s, (c) 5min, and the after growth.

R. Somchai et al. / Journal of Crystal Growth 227–228 (2001) 260–265262



grown at 4508C with BEP P2/In ratios of 10, 20,
and 30. Fig. 3(c) shows the rough surface mor-
phology or surfboard-shaped-like defects which
have a larger size than the sample that was grown
at 4508C with BEP P2/In ratio of 10. The result
also indicates the effect of phosphorus-deficient
growth due to the loss of phosphorus at high
growth temperature.

All unintentionally doped samples shows n-type
conduction. Fig. 4(a) shows the dependence of the
electrical properties of the growth sample on the
BEP P2/In ratio. The residual carrier concentra-
tion ranges from 4.66� 1016 to 1.05� 1017 cm�3

and the mobility is in the range of 806–
1487 cm2V�1 s�1 at room temperature. The mobi-
lity increases with the increase of the BEP P2/In
ratio from 5 to 20 and it decreases with the

increase of BEP P2/In ratio up to 30. The lower
mobility of sample grown with BEP P2/In ratio of
30 suggests an effect of group V antisite which
dominates the electrical properties [4]. The depen-
dence of carrier concentration on the BEP P2/In
ratio is unclear at present from this result.

Fig. 4(b) shows the dependence of residual
carrier concentration on growth temperature.
The carrier concentration ranges from 4� 1016 to
9.5� 1018 cm�3 and the mobility is in the range of
237–1761 cm2V�1 s�1 at room temperature. The
residual carrier concentration decreases and the
mobility increases with increase in growth tem-
perature. The dependence of carrier concentration
on growth temperature indicates that the domi-
nant carriers are due to stoichiometry-related
defects where phosphorus atoms are incorporated

Fig. 2. Optical micrographs of samples grown at various BEP P2/In ratios with growth temperature of 4508C: (a) 5, (b) 10, (c) 20, and
(d) 30.
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as antisite defects and act as donors. The lower
growth temperature increases excess incorporation
of group V materials. In our results, the residual
carrier concentration is higher than that from
previous results of growing InP on InP. MBE
using GaP decomposition source, the carrier
concentration was 1.2� 1015 cm�3 [2] and MBE
using valved cracking cell, the carrier concentra-
tion was 2.9� 1015–4.0� 1016 cm�3 [5]. The lower
mobility, compared to other techniques of growing
InP on InP, is caused by the effect of dislocation
density or the residual stress of the lattice-
mismatched InP/GaAs on mobility, as is the case
of HEMT on Si [6].

Fig. 3. Optical micrographs of samples grown at various

growth temperatures with BEP P2/In ratio of 10: (a) 3008C,
(b) 4008C, and (c) 5008C.

Fig. 4. Dependence of carrier concentration and mobility on

(a) BEP P2/In ratio with growth temperature of 4508C and (b)

growth temperature with BEP P2/In ratio of 10.
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Fig. 5 shows the PL spectrum at 10K obtained
from sample which was grown at 4508C with BEP
P2/In ratio of 20. The band to band transition of
InP epi-layer is observed at 1.418 eV. The peak at
1.512 eV is the emission of band to band transition
of GaAs substrate. The other lower energy
transition cannot be detected due to limitations
of our PL system.

4. Conclusions

We have presented the properties of high-
quality InP layers on GaAs substrates grown by

solid source molecular beam epitaxy using GaP
decomposition source. The dependence of electri-
cal properties on substrate temperature and P2/In
ratio was investigated. Growth at high tempera-
ture brings about a lower residual carrier concen-
tration and higher mobility. Our results also show
that growth at BEP P2/In ratio in the range of
10–20 results in higher mobility. Unintentionally
doped layers are all n-type with carrier concentra-
tion of 4� 1016–9.5� 1018 cm�3 and mobility of
237–1761 cm2V�1 s�1 at room temperature, de-
pending on the growth conditions. In addition, the
surface morphology of epi-layers also depends on
the growth conditions.
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The growth of InP on GaAs substrates has been widely studied with a view to developing the
optoelectronic integrated circuits (OEICs).  GaAs substrate would be desirable for the integration of
InP based photonic devices. GaAs device processing technology is well-established and is a key to
low cost devices. In the past, there have been some attempts to grow InP on GaAs. Metalorganic
chemical vapor deposition (MOCVD) [1] and gas source molecular beam epitaxy [2] were the key
growth technologies providing heterostructures. Both techniques use toxic gases. In this work, we
present the initial results on the use GaP source for the growth of InP on GaAs by a conventional
molecular beam epitaxy system.   

The growth was carried out in a conventional solid source molecular beam epitaxial system utilizing
elemental Ga, In, As and GaP ingots or chunks.  The P2 beam was generated by decomposition of GaP
source from a conventional effusion cell with a scavenger at the orifice [3]. Semi-insulating GaAs
(100) substrates, quarter wafers were used for growth. These were prepared by solvent degreasing and
chemical etching, mounted onto Mo holders using In solder. The holders containing the substrates
were outgassed at 250ºC for 1 hour to remove any contamination in the preparation chamber before
being transferred into the growth chamber.  The native oxide from GaAs surface was then removed by
heating at 600ºC in the presence of As4 flux. After oxide desorption, a 5000 Å GaAs buffer layer was
grown at  580ºC. The substrate temperature was then ramped up to 250ºC and the As4 cell was cooled
down to 100ºC. A period of 1-2 hour was allowed in order to reduce the As background in the growth
chamber, until the pressure was lower than 10-9 torr.  The GaP source was ramped to the setting
temperature for each condition. The substrate temperature was ramped up to 300 ºC then the P2 beam
was switched on.  The growth of  the InP was initiated after the substrate temperature was ramped to
the desired value.  All the InP layers were determined by low temperature photoluminescence and
Van der Pauw measurements. The In beam pressure (BEP) was 1.6x10-7 torr. This pressure gives a
growth of 0.2 �m/hour. Some results are shown in this abstract. The effects of BEP P2/In ratio on
electrical properties and of InP layer on GaAs are shown in Fig.1. The photoluminescence and  the
RHEED pattern during growth are shown in Figs. 2 and 3 respectively.      

In the conference, the detailed results on the effects of substrate temperature, the BEP P2/In ratio and
InP epi-layer thickness on the properties of InP on GaAs will be presented.   
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Fig. 2.  Photoluminescence spectra at

            10 K from 1 �m�InP epi-layer

            on (100) GaAs substrates. 

            (Tg =450ºC, BEP P2/In ratio =20)

Fig. 1. Dependence of carrier concentration and mobility   
            in 1 �m�InP epi-layer on (100) GaAs substrates on
            the BEP P2/In ratio.  (Tg =450ºC). 

((a)

Fig. 3. RHEED patterns taken during the growth of InP layer on GaAs showing the surface
reconstruction after the deposition time of  (a)  0  sec,  (b)  30 sec (c) after growth (5 hours) of  1 �m
InP. (The growth condition is BEP P2/In ratio  = 20,  Tg  = 450ºC).  
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