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Fe-doped liquid encapsulated Czochralski InP has been annealed between 500 and 900 °C
for different durations. The electrical property of annealed InP has been studied by
temperature-dependent Hall measurement. Defects in annealed Fe-doped InP have been detected by
room-temperature transient photocurrent spectroscopy. Upon annealing, the change of electrical
property in this material is indicative of the formation of a high concentration of defects. The
formation process of these thermally induced defects is discussed. ©1999 American Institute of
Physics.@S0021-8979~99!02914-X#
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I. INTRODUCTION

Fe-doped semi-insulating~SI! InP has been used as su
strate material for electronic devices for a long time.1,2 High
thermal stability of SI InP is necessary during the epita
growth process of a device structure. However, the resisti
of Fe-doped SI liquid encapsulated Czochralski~LEC! InP
was found to decrease rapidly with increasing annea
temperature.3–6 Thermal donor defects with a concentratio
of 1016cm23 were also found in rapidly annealed SI InP.7,8

Different annealing temperatures and durations have b
found to give rise to different defects.4 These results indicate
that thermally induced defects are closely related to
change of resistivity of annealed SI InP.

Recently, it has been reported that the resistivity a
mobility of Fe-doped SI InP can be increased by annea
for a longer time.9 This result is different from previous re
ports and indicates that the donor concentration is increa
after annealing. The concentration of Fe has also been fo
to influence the electrical property of as-grown and annea
SI InP.6 A possible reason for the apparent discrepancy
these phenomena is that defects in these samples are d
ent in as-grown and annealed state. Thus, the thermal st
ity of Fe-doped SI InP also depends on growth conditions
some way. In view of these experimental results, it is nec
sary to study the formation process of any defects by c
trolling the annealing conditions. The relationship of defe
formation and the change of the electrical properties of
material certainly requires further investigation.

In this article, we investigate the electrical properties
Fe-doped InP before and after annealing. The annealing
ditions are controlled by changing either the temperature
duration. The change of electrical parameters is found
correlate with the change of defect concentration at a dif
ent annealing stage. The defects and the change of their
centrations in Fe-doped SI InP have been detected by ro
temperature photocurrent spectroscopy. The origin of de
formation and formation process are discussed.

a!Electronic mail: sfung@hkucc.hku.hk
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II. EXPERIMENTAL

All samples used are Fe-doped high-resistivity (r;104

V cm) or SI~r>106 V cm) InP wafers grown by the LEC
method in one of our laboratories. The annealing of samp
was carried out in a sealed quartz tube with phosphorus
bient to prevent the wafer from disassociating. The electr
parameters of Fe-doped InP were characterized by a H
effect measurement system using Van Der Pauw config
tion samples. Temperature-dependent Hall~TDH! measure-
ments were carried out on high-resistivity samples in
temperature range of 300–430 K. Excitation light in the ph
ton energy range of 0.3–1.6 eV was used for the meas
ment of transient photocurrent spectroscopy at room te
perature. The setup of this system has been descr
elsewhere.10 This measurement is similar to the convention
photoconductivity method involving interalia, the pha
lock-in amplification technique. Instead of observing
steady-state photocurrent, the transient photocurrent is
corded. It detects the change of current caused by phot
citation of carriers from deep levels in the gap, respective
to the band edge. Thus, the photoexcited transient cur
peak observed gives reasonably accurate position for the
level in the gap. Furthermore, the concentration change
one trap can also be inferred by the change of its peak in
sity. Infrared-absorption spectra were taken by a Bruck I
120 infrared-absorption spectrometer at 20 K.

III. RESULTS AND DISCUSSION

A. Electrical property of annealed Fe-doped SI InP

The annealing results of Fe-doped LEC InP are summ
rized in Table I. Generally, electrical properties such as
sistivity and mobility can be increased by short-time anne
ing. High-resistivity material can be changed to sem
insulating by the annealing of 50 h. The anneali
temperature for such change has to be below 700 °C. T
phenomenon is in agreement with the results of Shimak
et al.3 and Kalboussiet al.4 The annealing results of ou
samples at 800 and 900 °C for 50 h are different from
© 1999 American Institute of Physics
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TABLE I. Annealing results of Fe-doped LEC InP.

Sample
No.

Annealing
temperature

~°C!

Annealing
time
~h!

Before annealing After annealing

n ~cm23! m ~cm2/vs! r ~V cm! n ~cm23! m ~cm2/vs! r~V cm!

H-01 700 50 6.533109 237 4.033106 4.7831011 40.3 3.243105

H-02 700 50 3.6831011 182 9.343104 3.043108 736 2.793107

H-03 600 50 1.373109 51.8 8.763106 6.643108 611 1.543107

H-04 500 0.5 2200 2.03107 3.623107 2250 7.683107

600 0.5 1.403108 2350 6.413107

700 0.5 1.953108 1700 1.883107

700 12 3.8531010 1990 8.153104

800 50 2.3431011 111 2.453105

900 50 1.6031010 8.8 4.403107
.
d
uc

a
K.

Th
a
re

th
F

t

an
c
es
n

o

In

sso-
regu-
.66

e
e
Fe-
rly.
n of

6,
n SI
fects
ped

xes
in-
in
di-

op
Fe-

eptor.
recently reported result of Avellaet al. which indicated that
both the mobility and resisitivity of SI InP were increased9

The extremely low mobility of those annealed samples in
cates mixed conduction in the material. From mixed cond
tivity analysis,11 these samples change intop type after long
time annealing at 800 and 900 °C.

B. Defects in as-grown and annealed SI InP

Figure 1 shows the result of Hall measurements of
annealed Fe-doped InP sample carried out at 300–430
can be seen from the slope of the plot ln(nT23/2) vs (kT)21

that there are two dominant traps at 0.64 and 0.43 eV.
0.64 eV trap can be attributed to the Fe acceptor level
cording to the TDH and photoconductivity measurement
sults in Fe-doped SI material.12,13However, the 0.43 eV trap
is most likely to be a thermally induced intrinsic defect wi
high a concentration because TDH generally gives one
related level energy before annealing.13 This is in agreemen
with the results of Bardelebenet al.7,8 in which two thermal
donor defects with energy levels at 0.4 and 0.14 eV in
nealed Fe-doped InP were detected. The 0.14 eV level
also be seen on the right side of the curve in Fig. 1. Th
defects could well be involved in the compensation of a
nealed SI InP.

In Fig. 2, transient photocurrent spectroscopy results
Fe-doped SI InP are given. As shown in Fig. 2~a!, there are
two peaks at 0.45 and 0.66 eV in all of our Fe-doped SI

FIG. 1. Temperature-dependent carrier concentration of annealed Fe-d
InP.
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samples before annealing. It would seem reasonable to a
ciate these peaks to the Fe acceptor because both are
larly detected in all our Fe-doped SI InP samples. The 0
eV level has been proved to be Fe21/Fe31 acceptor level by
absorption spectroscopy method.12,14,15It corresponds to the
electron transition process Fe21→Fe311e. The 0.45 eV
peak has also been detected by optical absorption14 and pho-
toconductivity in Fe-doped SI InP.16 This absorption peak
has been assigned to electron-lattice interaction in the F21

5T2 excited state by Look.16,17 For our measurement, th
appearance of two peaks can be the characteristic of
doped SI InP since both of them can be detected regula
Thus, the appearance of these two peaks is an indicatio
the presence of high concentration Fe in the sample.

As shown in Fig. 2, peaks with energy at 0.49, 0.5
0.59, and 0.81 eV can also be detected in some as-grow
InP samples. These peaks can be attributed to be de
formed in the growth process. Defects in as-grown Fe-do
SI InP have been reported by Fanget al. through the use of
thermally stimulated current spectroscopy.18 Those defects
are generally considered to be native defects or comple
with impurities. It indicates that there are some defects
volved in the compensation in as-grown SI InP. Defects
as-grown Fe-doped InP must be related with growth con
tions because not every sample has this result.

ed
FIG. 2. Typical room-temperature transient photocurrent spectra of
doped SI InP. The peaks at 0.45 and 0.66 eV are related to the Fe acc
Some structures attributed to native defects can be seen in spectrum~b!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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To detect defects in annealed Fe-doped InP, a ro
temperature transient photocurrent spectroscopy inves
tion has been carried out on Fe-doped InP annealed at
ferent temperatures. Results of this measurement are sh
in Fig. 3. As shown in Fig. 3, new peaks begin to app
when the sample is annealed at 600 °C for 30 min. T
situation is nearly the same for samples annealed at 700
for 30 min. A new peak at 0.65 eV can be seen in the t
spectra. After this sample is annealed at 700 °C for 12 h,
0.65 eV peak is much stronger than that of the Fe-rela
0.66 eV peak. In addition, strong 0.43 peak and 1.29
peaks are formed and can be distinguished clearly in
case. Moreover, the resisitivity of this annealed sample
creased to 8.153104 V cm. These phenomena indicate th
thermally induced defects change the electrical property
Fe-SI InP significantly when the annealing temperature
higher than 700 °C.

As the 0.65 eV peak only appears after annealing, and
intensity relative to the Fe related 0.66 eV peak also
creases after the sample is annealed for a longer tim
cannot be attributed to the Fe acceptor level related elec
capture and excitation process. Furthermore, the photo
ization cross section of electron is larger than that for hole
the energy range of 0.6–0.8 eV.19 Thus, electron excitation
should dominate in this photoexcitation region. Another
teresting phenomenon is that the 1.29 eV peak appears a
with the existence of a strong 0.65 eV for 700 °C, 12 h a
nealed sample. This 1.29 eV peak can only be attribute
the electron transition from the 0.65 eV mid-gap level to o
of the conduction-band minimaX. The transition from the Fe
acceptor level to theX point seems to superimpose with th
band-to-band transition as shown in the spectroscopy of
grown Fe-doped InP. Based upon this analysis, the 0.65
peak should be related to a thermally induced mid-gap
fect.

The spectra in Fig. 3 also show that the formation of
0.43 eV defect level depends on annealing temperature
time. It can be seen from Fig. 3 that for only 12 h, the 700
annealed sample at this level be clearly detected by the s
troscopy. This fact indicates that this level is preferentia
formed for high temperature and long-time heat treatm

FIG. 3. Room-temperature transient photocurrent spectra of Fe-dope
InP annealed at different temperatures:~a! as-grown;~b! 600 °C, 30 min;~c!
700 °C, 30 min;~d! 700 °C, 12 h.
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processes. A similar thermal donor defect with high conc
tration has also been detected in annealed Fe-doped S
by electron paramagnetic resonance7,8 In annealed undoped
InP, a trap level at 0.4 eV has proved to be a domin
defect.20,21 Thus, it seems that this trap is a common th
mally induced defect in annealed InP.

C. Formation process of native defects

The formation process of these thermal defects has
been well understood so far. Recently, it is found that
hydrogen indium vacancy complex VInH4 is a common de-
fect in as-grown LEC InP.22,23 This defect decomposes an
gives rise to the formation of other defects upon hig
temperature annealing. The formation of phosphorus ant
related defect was also found to correlate with this deco
position during the annealing process.24 The decomposition
of VInH4 giving rise to the formation of various defects ca
generally be expressed as follows:24

4VInH416e→VInH31VInH2
221VInH

121VIn
32110H0↑, ~1!

P1VIn
32→PIn

211VP
116e. ~2!

These two equations, may indeed shed some light into
origin of the defects of InP formed in our annealing proce
First, the existence of VInH4 in SI InP before annealing an
its disappearance after annealing can be evidenced
infrared-absorption spectroscopy shown in Fig. 4. From t
spectroscopy data, the concentration of VInH4 in these
samples can also be deduced by the use of the calibra
data of the Zn–H complex. This is found to be in the ran
of 1015– 1016cm23 in these Fe-doped SI InP.25 Then from
Eqs. ~1! and ~2!, both acceptor and donor defects can
formed when the sample is annealed at high temperatur

As high concentration of Fe exists in these sampl
there is no large change of resisitivity for short-time a
nealed SI InP. However, our recent annealing results of
doped n-type InP indicate one interesting phenomeno
When the sample is annealed at 700 °C for a short t
~1–10 h!, it changes intop-type semiconducting. Further an
nealing for a longer time~20–80 h! gradually changes con

SI
FIG. 4. Infrared transmission spectra of Fe-doped SI InP taken at 20 K.
VInH4 absorption peak can be seen before annealing~b! and disappears afte
annealing~a!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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duction inton type again. The resisitivity also increases up
104 V cm with increasing annealing time. We think that th
conductivity conversion is related to the decomposition
VInH4 and the subsequent formation of donor defects.
short-time annealing, acceptor defects such VIn, VInH2 , and
VInH are easily produced and cause the sample to cha
conduction type. Then for long-time annealing, native do
defects associated with antisite and vacancy are formed
shown in Eq.~2!. Since the VInH4 concentration in Fe-dope
InP is usually high, it is believed that this process also h
pens in annealed Fe-doped InP. From the results show
Table I and Fig. 3, the resisitivity of the 700 °C, 12 h a
nealed Fe-doped SI sample indeed decreases to 104 V cm
because of the formation of a 0.43 eV native donor. T
result is in full agreement with the work of Bardelebe
et al.7,8 Thus, the electrical deterioration of annealed F
doped SI InP can be largely ascribed to the formation o
high concentration of native donors. It is hardly surprisi
that the concentration of the thermally induced donors is
the order of 1016cm23 ~Refs. 7 and 8! and because the con
centration of VInH4 is around this range.

The fact that the electrical property of annealed InP c
be changed in a very short annealing time further supp
the above supposition. Since the bonding of the hydro
complex is weak, the hydrogen atoms will diffuse quickly
the semiconductor and easily escape from the materi26

Upon high-temperature annealing, the bond of the hydro
complex will be broken and leave either an indium vacan
or another complex as shown in Eq.~1!. This phenomenon
also indicates the influence of hydrogen on LEC InP mat
als which was expected previously.27,28

IV. CONCLUSIONS

Fe-doped SI InP has been annealed in different co
tions. The electrical property of this material can be chan
significantly in most cases. The change, which arises fr
the formation of a high concentration of thermally induc
native donors, tends to destroy the electrical property of m
terial. The formation of thermally induced native donor d
fects in SI InP is largely originated from the thermal deco
position of the hydrogen indium vacancy complex.
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