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Abstract: T he electrical properties of annealed undoped n-type InP are studied by temperature dependent Hall effect
(TDH) and current—voltage (/) measurements for semiconducting and semi-insulating samples, respectively. De—
fect band conduction in annealed semiconducting InP can be observed from TDH measurement, which is similar to
those of as—grown unintentionally doped InP with low carrier concentration and moderate compensation. The IV
curves of annealed undoped SI InP exhibit ohmic property in the applied field region up to the onset of breakdown.
Such a result is different from that of as—grown Fe-doped SI InP which has a nonlinear region in /-V curve ex—

plained by the theory of space charge limited current.
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1 Introduction

It has been found that electron concentration
of undoped n-type liquid encapsulated Czochralski
(LEC) InP can be reduced upon high temperature
annealing' ™. Semi-insulating (SI) InP can also be
prepared by thermal annealing of high purity un-
doped LEC InP'"" ®. In this kind of materials, de—
fects formed in the annealing process have been de—
tected currently'”™ " Since the electrical properties
of annealed InP is closely related with the forma-
tion of these defects, it is necessary to study the
electrical transport property of annealed undoped
InP. To our knowledge, there is no such report in

the literatures so far. In this paper, we present the
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results of temperature dependent Hall (T DH) mea-
surement of annealed semiconducting and current-
voltage (/) measurement of undoped semi-insu-
lating InP. Significant changes of carrier transport
and electrical conduction can be found in annealed
undoped InP by comparison with the results of as—
grown samples. T hese changes are found to corre-
late with the formation of defects in the annealing

process.

2 Experiment

LEC grown undoped InP wafers with carrier
concentration of 3X10%em™* and 1.2 X 10" em ™’
were used for the experiments. The annealing of

the wafers was carried out at 900C for 80h in
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sealed quartz tube that was cleaned and evacuated
before the use. A phosphorus pressure for more
than 10°Pa was kept in the quartz tube to avoid the
decomposition of InP wafers during the annealing
process. The electrical parameters of the samples
were obtained by the measmement of room temper—
ature Hall effect. TDH measurement at the temper—
ature ranging from 6K to 300K has been carried
out in a home-made system with a magnetic field of
0.7T. Ohmic contacts of Hall measurement were
made by alloying indium on the samples.

To do /¥ measurement, both sides of the
samples were lapped, and then degreased by using
acetone and methanol. Then the wafer was etched,
rinsed in de-onized water, dried and put into the
metal deposition chamber. Gold spots of Imm in di-
ameter were deposited on one side and of 6mm in
diameter on the other side of the sample to make
electrical contacts. A thermal annealing at 400°C
for Smin was followed to get good ohmic contacts
by alloying.

The I-V measurement system consisted of a
HP 3245A programmable voltage generator which
drove a programmable EG&G ORTEC 356H high
voltage power supply, a Keithley 485 digital-pro-
grammable electrometer and an IBM XT comput-

er. The temperature of sample was controlled by a

closed-cycle helium refrigerator ( HS-4 HELI-

PLEX® refrigeration system) .

3 Results and analysis

After annealing, the carrier concentration of
an undoped LEC InP(sample C) at room tempera—
ture decreased from 1.2X 10" to 8 X10”cm™ " that
is noted as semi-conducting sample. Semi-insulat—
ing InP material can be obtained when undoped
LEC InP with carrier concentration for less than 3
X 10%em” 3(samp[e D) is annealed.

The T DH results of a semiconducting undoped
InP before annealing (sample C) and after anneal-

ing (sample B) are shown in Fig. 1. For compari-

son, temperature dependent electron concentration
of 2X 10" em™*(sample D) and 3.6 X 10" em™°
( sample A), of as—grown undoped LEC InP at
room temperature are also shown in this figure. It
is noted that the electron concentrations of sample
B and sample D increase at low temperatures
(around 13K and 8K, respectively) after continu-
ous decrease with decreasing of temperature. Such

a phenomenon is called defect band conduction
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Fig. 1  Temperature dependent electron concen-

tration of undoped N-type LEC InP with different

carrier concentrations al room temperature
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which has been found in semiconductors at low
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% In contrast, there is no such phe-
nomenon in as-grown samples A and C. According
to the theory of electrical transport in semiconduc—
tors''"”, defect band conduction is caused by elec—
tron transition between neighboring donors when
electron in conduction band is freeze-out at low
temperature. A quantity of empty donor defects is
necessary for the realization of this process. In oth-
er words, it can only be observed in samples with
moderate compensation. T his is the reason that de-
fect band conduction has been observed in sample
D and the annealed undoped InP sample B which

has lower carrier concentration and higher compen-
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sation ratio. On the other hand, if the carrier con-
centration of InP exceeds a limit at which Mott-
Anderson transition initiates, the sample will be-
have like a metal and the carrier concentration will
be temperature independent' """ "*!. The limit of car—
rier concentration of InP for this transition is about
2X 10" em™* according to the theory and experi-
mental result'"”. This can give an explanation why
the carrier concentration of sample A does not
change with temperature. After annealing, the com—
pensation of the semiconducting undoped InP in-
creases and carrier concentration decreases. T his is
the reason that defect band conduction can be oh-
served at 13K in the annealed sample.

The IV curves, at room temperature, of an
annealed undoped SI (by annealing sample D) and
as—grown Fe-doped SI InP are shown in Fig. 2. The
I curve of undoped SI InP exhibits ohmic prop-
erty up to the onset of breakdown. T his situation is
the same for those IV curves at low temperatures.
In contrast, asgrown Fe-doped SI InP has nonlin—
ear I characteristics when the applied electric
field is higher than about 10kV/em. This is in a-

greement with the theory of space charge limited

14
current of Lampert and Mark'"".
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Fig.2 [V curves of annealed undoped and of as—

grown Fe-doped SI InP at room temperature
The inset is the plot of InR vs 1/T for the un-

doped semi-insulating sample.

For single carrier injection into a SI material
having one kind of trap, the current density j in the
ohmic and space charge limited regimes is ex-

pressed by'""!

j = noquV/d (@)
j= %eeHVB/d’ (2)
where d is the thickness of sample, 6 = I

is the concentration of electron occuping traps, oth-
er symbols have their typical meanings.

If there are deep empty defects in SI InP mate-
rial, the /¥ curves must have a part of nonlinear
(quadratic) region. Such situation can be regularly
observed in Fe-doped SI InP materials, as shown in
Fig. 2. The slop of linear region of the curve is 0. 98
in lg-dg scale. This indicates a good consistence
with equation (1) and with an ohmic characteris—
tic. A curve fitting of its nonlinear region at high
filed gives the result:j= 2. 03E’, which is in agree—
ment with the result of equation (2) by using of
the following typical data: n= 10"em™°, n.= 10"
cm 3, u= lSOO(:mE/( Ves),e= 12,d= 0.07em. A
clearly different /-V curve of the undoped SI InP
sample can be seen in the figure. This IV curve is
a straight line with a slop of 0.97 up to the onset
of breakdown. This is in agreement with equation
(1), and it indicates an ohmic property in the whole
measurement range. The ohmic property of un-
doped SI InP implies that most of the deep defect
are ionized and there is only little empty defects
left in the materials. T his result is also in agree-
ment with the conclusion obtained by infrared ab-
sorption measurement that all Fe impurity in un-
doped SI InP are in Fe’ state!™. Thus the com-
pensation in undoped Sl InP is different from that
in Fe-doped SI InP. It is also should be noted that
the breakdown field of annealed undoped SI InP is
obviously lower than that of Fe-doped SI InP(see
Fig. 2).

Resistance R of the undoped SI sample is ob-
tained from IV measurements at 300~ 430K. The

plot of InR vs 1/kT is a straight line with a slope
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of around 0. 6eV (inset in Fig. 2). This indicates
that the relation of Re<exp(E./kT) is valid for the
sample. Such result is the same as that for as-
grown Fe-doped InP'"". A deep defect level located
at 0.6eV below conduction band exists in the ma-

terial.

4 Discussion

[t is common to have defects formed in the an—
nealing process of undoped LEC InP'" "', The sig—
nificant decrease of carrier concentration has a
close correlation with the annihilation of a shallow
donor in asgrown InP"""". The change of the elec—
trical properties of the annealed samples is consid—
ered as a direct result of compensation related to
the thermallv induced defect. Thus. the property of
electrical transport in annealed undoped LEC InP
must have relationship with the thermally induced
defects and compensation in the material.

Basically, the appearance of defect band con-
duction in annealed semiconducting InP can be as—
cribed to the thermally induced decrease of carrier
concentration. However, the onset of this conduc-
tion around 13K is apparently higher than that of
as—grown undoped InP at about 8K. Such a result is
possibly related with the formation of a high con-
centration of defect in the annealing process since
defect band conduction can be easily observed at
high temperature in semiconductors with high con-
centration of defects'". Defects in annealed semi-
conducting undoped InP have been regularly de-
tected by deep level transient spectroscopy''.
From the results of Hall measurement, the decrease
for both carrier concentration and mobility of the
sample B, annealed undoped InP. implies a compen—
sation increase after annealing. This is also one of
the reasons for the appearance of defect band con-
duction. Thus the change of electrical transport
property of annealed semiconducting undoped InP
can be considered as a result of the involvements of
defects in the process.

That there is no trap filling process in the IV

measurement indicates that most of the deep de-
fects are ionized in annealed undoped SI InP. The
compensation in this material must be lighter than
that of Fe-doped SI InP. Since annealed InP is in SI
state, Fermi level of the material must be pinned in
the middle of the gap. T he center of the compensa-
tion in the material is definitely at deep level and at
the mid-gap position. However, the concentration
of these deep defects is not high enough to give a
strong compensation in the material. T he compen-
sation in undoped SI InP seems to be more compli—
cated than that in as—grown Fe-doped InP, in which
deep Fe acceptor compensates net shallow donor
giving semi-insulating property of the material. It
is most likely that other defects, which are not as
deep as the one of mid—gap, also have contributions
to the compensation. Such defects indeed can be de-

. [7~ 9]
tected currently in the annealed undoped InP .

S Summary

Carrier concentration of undoped LEC InP de-
creases significantly after annealing at high tem-
perature. SI InP can be obtained from the annealing
of undoped InP with carrier concentration for less
than 3X 10”em™ . Defect band conduction can be
observed in annealed semiconducting InP. IV
curves of annealed undoped Sl InP are of ohmic
characteristics, which is different from that of Fe-
doped SI InP. The compensation in the undoped SI
InP is much weaker than those in as—grown Fe-
doped InP. These changes in electrical properties

are related to the defects formed in the annealing

process.
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