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Abstract. Deep defects in annealed InP have been investigated by deep level transient capacitance spec-
troscopy (DLTS), photo induced current transient spectroscopy (PICTS) and thermally stimulated current
spectroscopy (TSC). Both DLTS results of annealed semiconducting InP and PICTS and TSC results of
annealed semi-insulating InP indicate that InP annealed in phosphorus ambient has five defects, while InP
annealed in iron phosphide ambient has two defects. Such a defect formation phenomenon is explained
in terms of defect suppression by the iron atom diffusion process. The correlation of the defects and the
nature of the defects in annealed InP are discussed based on the results.

PACS. 61.72.Ji Point defects (vacancies, interstitials, color centers, etc.) and defect clusters — 81.05.Ea
III-V semiconductors — 71.55.Eq III-V semiconductors

1 Introduction

InP has become an important material for the fabrication
of optoelectronic and microwave devices used in the mod-
ern communication systems. Defects in InP can be created
in the processes of growth [1,2], thermal annealing [3],
etc. In recent years, high temperature thermal annealing
has become a useful method to improve the electrical uni-
formity [4], reduce the residual thermal stress [5] and to
obtain low Fe content semi-insulating material [6-9]. In
this paper, we present experimental results of deep level
defects in InP annealed in phosphorus and iron phosphide
ambients. Defect formation phenomena related with the
in-diffusion of iron and phosphorus atom have been stud-
ied.

2 Experiment

The samples used in the experiment were prepared by
annealing n type undoped InP wafers grown by liquid
encapsulated Czochralski (LEC) method. The electron
concentration of the as-grown LEC undoped InP was
(3-12)x10*® cm~3. The annealing was carried out in a
sealed quartz tube at 930 °C for 80 hours. A quantity of
6N’s red phosphorus or 5N’s Fe powder and 6N’s red phos-
phorus at a mole ratio of 1:2 was charged in the quartz
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tube before annealing. In this way, pure phosphorus (PP)
or iron phosphide (IP) with moderate vapor pressure can
be formed at the annealing temperature [10,11] and Fe
diffusion was thus realized. After annealing the wafers
were cooled at 40 °C/h to room temperature. This process
was found to convert the undoped n type LEC InP with
carrier concentration below 6 x 10 ¢cm™ to a SI ma-
terial with resistivity and mobility above 107 Q.cm and
(3000-4200) cm?/V.s, respectively. The SI InP wafer so
formed exhibits good profile and radial uniformity [12].
It should be mentioned that undoped LEC InP with a
carrier concentration below 3 x 1015 cm ™2 can also be an-
nealed into SI material under similar conditions, the only
difference of which being that the ambiance in the quartz
tube is pure phosphorus. After annealing, as-grown un-
doped InP with carrier concentration of 1.2 x 106 cm™3
still semiconducting is used as sample for deep level tran-
sient spectroscopy (DLTS) study. As-grown Fe-doped SI
InP samples have also been studied by thermally stimu-
lated current spectroscopy (TSC) and photo-induced cur-
rent transient spectroscopy (PICTS).

Samples with a size of 3 x 8 x 0.6 mm*° were used for
the T'SC and PICTS measurements. A layer of more than
60 pum of the SI InP wafer was removed during the lap-
ping and polishing process. Electrical parameters of the
samples were measured by the conventional Hall effect
method. Alloyed indium was used to make ohmic contact
for the measurements. The conditions of the TSC mea-
surement are: applied bias 10 V, heating rate 0.3 K/s and
initiated light illumination by an 850 nm LED at a power
of 50 mW for 10 minutes.
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Fig. 1. DLTS spectra of as-grown and annealed undoped InP
samples.

3 Results
3.1 DLTS of annealed semiconducting InP

Defects in annealed semiconducting InP have been studied
by DLTS, the results are shown in Figure 1. Two defects at
0.49 eV and 0.64 eV are detected in an as-grown InP sam-
ple and only one defect at 0.13 eV is observed in another
sample. The 0.64 eV defect is the well-known Fe acceptor
in InP, incorporated as residual impurity contamination.
The origins of the 0.49 eV and 0.13 eV defects are not
clear. They are most likely native defects in as-grown InP.
This will be further evidenced by comparison with the
defects in annealed InP. In the phosphorus ambient an-
nealed InP, four defects at 0.24 eV, 0.42 eV, 0.54 eV and
0.64 eV have been detected, while two defects at 0.24 eV
and 0.64 eV were observed in the sample annealed in iron
phosphide ambient. An obvious fact is that Fe diffusion
suppresses the formation of the two defects at 0.42 eV
and 0.54 eV that are formed in phosphorus in-diffusion
process.

3.2 TSC of annealed SI InP

TSC spectra of the annealed SI InP and as-grown
Fe-doped SI InP are shown in Figure 2. The energy levels
of deep defects in the SI InP samples can be obtained by
the approximation formula: Er = kT,,In(T2/3), where
k is the Boltzman constant, T, is the peak temperature,
[ is the heating rate. Defect levels at 0.18 eV, 0.22 eV,
0.26 eV, 0.32 eV, 0.37 ¢V and 0.48 eV are identified in an
[P-SI-InP. In the PP-SI-InP, the deep level defects are at
0.18 €V, 0.26 €V, 0.37 eV, 0.45 eV and 0.48 V. In two as-
grown Fe-doped SI InP samples, deep defects at 0.22 eV,
0.27 eV, 0.32 €V, 0.37 €V are observed in one sample and
two levels at 0.18 eV, 0.24 eV in another one. The IP-SI
InP has much lower concentration of the defects than the
PP-SI InP and as-grown Fe-doped SI InP. These defects
are not observed in two IP-SI InP samples.
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Fig. 2. TSC spectra of Fe-doped and annealed undoped SI
InP samples.

3.3 PICTS of annealed Sl InP

PICTS spectra of an IP-SI InP and a PP-SI InP are shown
in Figure 3. A phenomenon similar to the TSC spectra is
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Fig. 3. PICTS spectra of a PP annealed and an IP annealed
SI InP samples.

observed. Except the Fe acceptor deep level at 0.64 eV,
there is only one defect at 0.22 eV in the IP-SI InP, while
four defects at 0.20 eV, 0.23 eV, 0.37 eV, 0.51 eV are
found in the PP-SI InP. Although TSC detects more de-
fects in the same IP-SI InP due to a higher sensitivity of
the technique, the concentrations of the defects are very
low (10'? em=3). Therefore, the PICTS result is basically
consistent with the result of TSC, indicating a defect sup-
pression phenomenon of Fe diffusion once again.

4 Discussion

The results of DLTS, TSC and PICTS consistently indi-
cate a phenomenon of defect suppression by Fe diffusion.
Since the primary difference of PP and IP annealing is
the diffusion species involved, the defect formation and
suppression must be related to the diffusion atom. It is
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apparently that only in-diffusion of phosphorus atom ex-
ists in the PP annealing process, while in-diffusion of both
phosphorus and iron atoms proceed in the IP annealing
process. It has to be considered that iron atom diffuses
faster than phosphorus atom in InP [13]. It is also known
that the Fe atom occupies the indium site and acts as a
deep acceptor in InP [14]. Based on these facts, it is rea-
sonable to think that the defects suppressed by the Fe
diffusion are related with indium vacancy. Since the oc-
cupation of the indium site by phosphorus atom results
in the formation of antisite defect, one of the defects at
0.42 eV observed in PP-InP can be assigned to a phospho-
rus antisite defect. This is in agreement with the results of
InP annealed in phosphorus ambient in which the concen-
tration of a defect at 0.42 eV increases with the increasing
of ambient pressure [15].

The 0.24 eV defect has been found in both PP and
IP annealed InP, its concentration increases after IP an-
nealing. It is most likely a defect complex with Fe or deep
level impurity such as Mn [16] incorporated in the anneal-
ing processes. It is noted that the 0.42 eV defect and the
0.54 eV defect can be suppressed by the Fe diffusion si-
multaneously, indicating their intrinsic nature. We assign
the 0.54 eV defect to a complex defect related with phos-
phorus antisite. The two defects have not been detected
in as-grown Fe-doped SI InP. Two defects at 0.26 eV and
0.32 eV, which are also suppressed by the Fe diffusion, are
very probably related with indium vacancy. The existence
of indium vacancy with considerable concentration in as-
grown InP has been confirmed by positron annihilation
experiment [17,18].

5 Conclusion

After high temperature annealing in PP and TP ambient,
undoped InP samples exhibit different defect formation
behavior. In the IP annealing process, Fe diffusion sup-
presses the formation of some defects. On the contrary,
pure phosphorus diffusion enhances the formation of these
defects in the PP annealing process.
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