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Abstract

Infrared absorption spectroscopy measurcments indicate high concentration of hydrogen indium vacancy complex
ViHy in undoped and Fe-doped liquid encapsulated Czochralski (LEC) InP. Annealed undoped and Fe-doped
semi-insulating (SI) InP arc studicd by room temperature Hall effect measurcment and photocurrent spectroscopy.
The results show that a mid gap donor defect and some shallow intrinsic defects are formed by high temperature
annealing. This mid gap defect is shown to be phosphorus antisite related. Defect formation process and

compensation mechanism in annealed SI InP are discussed.

1. Introduction

Undoped liquid encapsulated Czochralski (LEC)
InP with low carrier concentration has been found
to be annealed into semi-insulating (SI) material at
temperature around 900°C[1-5). A few defects have
been detected in anncaled LEC InP[6,7]. In
annealed SI materials there are usually  more
defects than annealed materials with low
resistivity[8,9]. These phenomena indicate that
intrinsic defects have been formed by the annealing
process, and this process is more complicated for
annealed SI InP. Fe contamination or activation has
also been found in anncaled InP but the fact that
Fe** cannot be detected in anncaled undoped ST InP
indicates that other mechanisms have to be
considered[10]. Morcover, the phenomenon that
horizontal gradient frecze (HGF) grown InP docs
not have this propertyv[2] indicates that metal
contamination such as Fe is not directly responsible
for the thermal induced SI behavior. Thus, neither
the defect formation process nor the compensation
mechanism is well understood so far.

I1. Experimental
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Undoped LEC InP wafers with carrier
concentration of 3-5x10"*em™ and Fe-doped SI InP
wafers are used for the annealing experiment. All
wafer annealing is carried out in a phosphorus
ambicnt of about 60mbar in quartz tube which is
pumped to vacuum before it is sealed. Electrical
parameters are measured by Hall effect at room
temperature. Hydrogen indium vacancy complex
ViHs in the samples is detected by Fourier
transform infrared absorption (FTIR) spectroscopy
at room temperature and/or 20-30K. The energy
levels of defects in annealed undoped and Fe-doped
ST InP are detected by photocurrent spectroscopy at
room femperature.

IH1. Results and Discussion

Some annealing results of undoped and Fe-
doped InP are listed in table 1. It can be seen from
the electrical parameters of annealed undoped InP
that n type semi-insulating and mixing conduction
InP can be obtained after the heat treatment. For
Fe-doped SI InP, there are large changes in the
electrical properties when it is annealed at different
temperature or for different duration. These
changes are generally related to the formation of
intrinsic defects both in annealed undoped [7,9]



and Fe-doped InP[11,12]. The formation of these
intrinsic defects is usually correlated with the
disappearance of a intrinsic defect in as-grown InP
after annealing because residual impurity
concentration can not be changed appreciably by
this annealing process. In principle. there are a lot
of intrinsic defects in as-grown InP. The fact that a
shallow donor in undoped InP can be annihilated by
short time annealing implies that this shallow donor
should not be phosphorus vacancy rclated since
phosphorus atom can not have so large a diffusion
coefficent[13]. Besides, intrinsic defects such as
vacancy or antisite, which are usually deep level
defects, are of low concentration since deep level
defect concentration in as-grown LEC InP is around
the detection limit of deep level transient
spectroscopy (DLTS){14] or below that of optically
detected magnetic resonance (ODMR)|15}].

Table 1 Electrical parameters of anncaled LEC InP

Temperature Time Resistivity  Mobility
Dopant (°C) (hy (SLem) (cm*/vs)
undoped  as-grown 0.48 3740

900 90 2.76x107 2710
undoped  as-grown 0.27 4320
900 90  1.05x10° 28
Fe-doped as-grown 1.92x10’ 1950
500 0.5  7.68x10 2250
600 0.5 6.41x107 2350
700 0.5 1.88x10 1700
700 12 8.15x10 1990
800 50 6.73x10 3250
900 50 7.85x10° 3540

On the other hand, a hydrogen indium vacancy
complex Vi,H; has been found in as grown LEC
InP before annealing[16,17] In all our undopcd
LEC InP samples, this hydrogen complex can be
detected by FTIR at room temperature and/or 20-
30K[18,19]. The concentration of Vi,H, was found
to be compensation ratio dependent in undoped
LEC InP and quite high in Fe-doped SI InP[19].
This fact provides the evidence that Vi ,H, is a
donor in agreement with the theory prediction| 1],
A surprising high concentration of Vi,H; in the
range of 10" cm® ~ 10%cm™ was also found in
these samples[19]. This result is also consistent
with the mass spectrometry analysis which reveals
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that in some cases the total acceptor impurity
concentration is much higher than that of donor
impurity in undoped n type LEC InP[20]. Based on
these experimental results, it is believed that the
donor annihilated thermally in as grown LEC InP is
mainly Vi, ,H, because its bond is weak and
hydrogen atoms diffuse very quickly in all
semiconductors[21]. The dissociation of ViH, will
leave isolated indium vacancies and more defect or
defect complex can be formed.

As Hall effect measurement cannot supply us
with more information about the defect in the
annealed SI InP, room temperature photocurrent
measurements are carried out on annealed undoped
ST and Fe-doped SI InP. All the photocurrent
spectra can be found in reference [18]. In Fe-doped
SI InP, in addition to the Fe related 0.66eV level a
new mid gap level of 0.65¢V appears when the
sample is annealed at 600°C and 700°C for 30 min.
respectively. Further anncaling of this sample at
700°C for 12 hours causes the 0.65¢V peak
intensity to become stronger than that at 0.66eV
and the resistivity decreases to 8.5x10°Q.cm . The
decrease of resistivity of annealed Fe-doped InP is
caused by the increase of shallow intrinsic defect
concentration|11,12]. It is interesting that the SI
property of this sample is recovered after it is
anncaled at 800°C and 900°C for about 50 hours.
Although the photocurrent spectra of the latter two
cases are not available, we can speculate from the
700°C annealing results that the 0.65¢V mid gap
level should dominate in the samples annealed at
800°C and 900°C. Comparison with the
photocurrent spectra of annealed Fe-doped SI InP
the 0.65¢V peak is very strong and the 0.66eV peak
is weak in the spectroscopy of undoped SI InP.
Combining these results with mass spectrometry
result it can be concluded that the thermally
produced 0.65¢V defect  is associated with
phosphorus antisite which has been theoretically
predicted to possess a mid gap donor level[22]
similar to the well known EL; in GaAs.

The formation process of phosphorus antisite

defect can be expressed by the following
equations|18]:

VLT + 108 = Vil + Vil I+ VP + v+ 10HT (1)

Pot Pyt Vb s Pt + V' t6e @



These two equations give the general process of the
thermal dissociation of V,,H; and formation of
phosphorus antisite defect. It is speculated that
hydrogen complexes in equation (1) decompose
completely upon high temperature annealing and
leave large quantity of isolated indium vacancies
allowing phosphorus antisites and other defects to
be formed. The thermal dissociation of Vi,Hy can be
evidenced by the disappearance of 2315 cm’
absorption peak in the FTIR spectroscopy of
annealed InP{18]. Phosphorus antisite defect was
also detected in high concentration in anncaled high
resistivity undoped LEC InP by the usc of ODMR
in 1986[23). The spectrum also shows a strong
photocurrent peak at 1.43eV for undoped SI
InP[18]. This corresponds to the transition from a
mid gap level to conduction band minimum L°. This
result gives the further evidence that high
concentration of mid gap level defect has been
formed. Other shallow intrinsic defects with energy
level in the range of 0.4eV- 0.56eV can also be
found in the same spectrum. Defect energy level in
the range of 0.1eV - 0.3eV can not be detected due
to the limitation of our instrument. The fact that
phosphorus antisite level is nearly at same encrgy
as that for Fe in InP means it is very difficult to
distinguish former by DLTS and photo induced
transient current spectroscopy (PICTS). The Fe
related peak in annealed undoped or lightly Fe-
doped SI InP can be detected by PICTS but
sometimes a negative peak appears in undoped SI
InP and no mid gap level signal is observed{8].
Incidentally, this phenomenon usually happens in
LEC SI GaAs which prevents EL. from being
detected. However, phosphorus antisitc defect and
Fe acceptor level can be distinguished clearly by
our room temperature photocurrent spectroscopy.

It can be seen from the photocurrent spectra of
annealed Fe-doped InP that the concentration of
phosphorus antisite defect depends on the anncaling
temperature and time. This result indicates that
moderate high temperature and long time annealing
is necessary for the formation of the 0.65¢V level.
High concentration of V),H, is an important factor
and condition for the realization of undoped SI InP
by annealing. Fortunately, the concentration of
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VinH: increases with  increasing compensation
ratio[19] implying that as-grown LEC InP lightly
doped with shallow or deep acceptor impurity could
be a method for the preparation of annealed
undoped SI InP. Some annealing results can
support this conclusion{5,9] and it is believed that
antisite defect dominates in many cases. It should
be pointed out that the concentration of Vi,Hy also
depends on the growth condition of LEC InP and
further investigations into this are required. In many
cases as-grown LEC InP is not “real” n type due to
the existence of ViHa.

When both Fe and phosphorus antisite defect are
present, the compensation in SI InP is relatively
complicated. Basically, if phosphorus antisite or
Fe dominates depend on the concentration of each
of them and that of net shallow impurity
concentration, This situation can also be found in
SI GaAs when both EL; and Cr are present. Most
of the Cr centres are in Cr** state if the
concentration of EL, is high[24]. For annealed
undoped ST InP, in many cases the concentration of
phosphorus antisite could be higher than that of Fe
because the concentration of Vi,H, in as-grown
undoped InP is around 10" cm>-10"%cm™ while Fe
contamination is only about 10 °cm™. This can be
supported by the fact that residual Fe in undoped SI
InP is all in Fe** state since Fe** can not be
detected[10]. In addition, many similarities can be
found between anncaled undoped SI LEC InP and
as-grown LEC SI GaAs[25] either in the quantities
of defect or the changes of intrinsic defect under
different conditions. This is also an indication that
intrinsic defects including phosphorus antisite
defect have been formed in the annealing process.

IV. Conclusion

Hydrogen indium vacancy complex ViH, is a
main defect in as grown LEC InP with
concentration in the range of 10"°cm” to 10'°cm™
depending on the compensation ratio. The
dissociation of this complex upon annealing is the
origin of the formation of intrinsic defects including
phosphorus antisitc defect in annealed undoped and
Fe-doped LEC InP. In many cases , phosphorus
antisite defect in annealed undoped SI InP is the



dominant compensation center, As-grown LEC InP
predoped with shallow acceptor impurity and
accompanied by anncaling under moderate
conditions is a promising method for the
preparation of SI InP.
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