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Abstract

High-resolution photoinduced transient spectroscopy has been applied to study
grown-in defect centres in semi-insulating InP:Fe. The defect structure of
crystals characterized by various values of Hall mobility has been compared. A
number of defect centres with activation energies ranging from 10 to 640 meV
were detected. They include shallow donor and acceptor impurities, native
defects, shallow impurity—native defect complexes and iron-related defects.
It was found that the Hall mobility is mainly affected by the shallow donor
concentration which determines the ratio [Fe>*]/[Fe**]. The electron lifetime
is determined either by the iron concentration or the concentration of shallow
impurities.

1. Introduction

Semi-insulating InP:Fe is a very important material in terms of applications in advanced
microelectronics and optoelectronics. Most frequently, InP crystals are grown by a high-
pressure liquid encapsulated Czochralski (LEC) method. The semi-insulating properties of InP
crystals are usually obtained by doping with iron, forming a deep acceptor level compensating
residual shallow donors resulting from contamination with silicon and sulfur atoms [1]. The
typical concentration of iron is in the range of (1-5) x 10'® cm~3. The electronic properties
of point defects in semi-insulating InP are poorly understood. It has been established that the
energy level related to phosphorus antisite P?n/ " is located above the bottom of the conduction
band at E; + 0.12 eV [2]. The second energy level related to the antisite P;;/ > is located
at E. — 0.23 eV [2]. The activation energy for electron emission from the Fe* centre is
0.64 eV [3]. However, according to the results obtained by thermally stimulated current (TSC)
and photoinduced transient spectroscopy (PITS), a number of observed defect centres have not
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been identified. Moreover, it is not clear how the iron concentration and the growth conditions
affect the material defect structure.

In this work, high-resolution photoinduced transient spectroscopy (HRPITS) is used for
the quality assessment of SIInP:Fe. This technique is a greatly improved version of the classical
photoinduced current transient spectroscopy first used by Hurtes ez al [4] and Fairman ez al [5]
to investigate deep traps in SI GaAs. Using the HRPITS technique, the photocurrent decays in
SI InP:Fe are measured in a wide range of temperatures (20-320 K) and analysed for a broad
range of emission rate windows from ~4 x 102 to 5 x 10> s~!. The electronic properties of
a number of defect centres in the crystals with different iron concentration and characterized
by different values of Hall mobility are compared.

2. Experimental details

The samples for studies of defect centres were prepared from the (100) wafers originated from
the SI InP:Fe ingots grown by LEC technique. The wafers’ thickness was ~450 um. The
samples were characterized by measurements of resistivity and Hall mobility at 300 K as well
as by the measurements of iron concentration and the temperature dependence of dark current
(TDDC). The Fe concentration was determined by secondary ion mass spectroscopy (SIMS).
The parameters of the samples are summarized in table 1.

Table 1. The parameters of the SI InP:Fe samples used for the investigation of defect centres.

Resistivity at 300 K Hall mobility at [Fe] Etppc
Sample (2 cm) 300K (cm? V71s™)  (cm™3) (eV)
218it 2.0 x 107 1600 1.0 x 10" 0.51
2laym  1.47 x 108 2392 4.0 x 10'° 059
24asd 1.43 x 108 2638 9.0 x 10" 0.63

According to the data given in table 1, we have chosen the samples with different Hall
mobility and various iron concentrations. It should be noted that the Hall mobility is correlated
with the activation energy determined from the TDDC measurements. This energy can be
considered as the Fermi level position extrapolated to O K, and it indicates the grade of the
material contamination with shallow donors. In other words, the higher the value of Etppc
the lower the concentrations of shallow donors.

For HRPITS measurements, arrays of Au ohmic contact pairs were deposited on the
polished surface of the wafers. The gap between two electrodes was 0.7 mm. The wafers were
cut into chips of 4 x 9 mm? in area, which were mounted in the sample holder of a cryostat.
The experimental system for HRPITS measurements at temperatures 20-320 K was based
on a Leybold refrigerator cooled optical cryostat and a Keithley 428 fast picoammeter. The
photocurrent pulses were generated by a light emitting diode with the spectral characteristic
maximum at the wavelength of 650 nm (photon energy 1.96 eV). A typical flux of excitation
light was equal to 4.2 x 10" cm™2 s~!. The width of illumination pulses varied from 20 to
30 ms and the period between pulses ranged from 60 to 120 ms. The voltage between two
coplanar electrodes was 30 V. Photocurrent transients were digitized with a 12-bit resolution
and sampling frequency of 1 MHz. The photocurrent decays were normalized with respect to
the photocurrent amplitude at the end of the light pulse. The HRPITS spectra were calculated
using the correlation procedure with the implementation of a two-point weighting function
w(t, t1, 1) = 8(t — 1) — §(t — 1p). Using various values of #; and #, (from 1 us to around
100 ms) and keeping constant values of the ratio #, / #; (e.g. 3), the spectra were determined for a
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wide range of emission rate windows from ~4 x 10% to ~5x 10 s~!. The broad peaks occurring
in the spectra for several emission rate windows were deconvoluted into several separate peaks
by means of fitting with Gaussian functions. The physical meaning of each Gaussian peak was
verified on the grounds of the shift of this peak with the temperature T for different emission
rate windows. This shift should follow the Arrhenius law characteristic of defect centres:
e(T) = AT? exp(—E,/kgT), where e is the thermal emission rate of electrons or holes, E,
is the trap activation energy, kg is Boltzmann’s constant and A is the pre-exponential factor
dependent on the material constant and the apparent capture cross-section for charge carriers.

For each trap detected, we drew the Arrhenius plot of log(7%/e) versus 1/ T, the slope of
which gave us the trap activation energy E, and the intercept with the ordinate axisat 1 /7 = 0
was equal to the pre-exponential factor A. The traps were tentatively identified by comparing
their parameters with the electronic properties of the known defects previously determined in
InP by positron annihilation, optical absorption, deep level transient spectroscopy (DLTS) and
photoluminescence as well as by TSC and PITS measurements.

Apart from the HRPITS spectra, we analysed the temperature dependence of the
photocurrent amplitude at the end of the light pulse. As a result, for each sample a mobility—
lifetime product for electrons as a function of temperature was established.

3. Results and discussion

Figure 1 shows the HRPITS spectra of sample 218it characterized by the lowest value of the
Hall mobility. Since in the material both shallow and midgap traps predominate, figures 1(a)
and (b) illustrate the spectra at the temperature ranges of 20-150 and 150-320 K, respectively.
The spectrum in figure 1(a) is given for an emission rate window of 12300 s~!, corresponding
to the ratio of the sampling times #; = 0.1 ms/#, = 0.3 ms. The peaks obtained from fitting the
part of the spectrum with Gaussian functions are marked with broken curves. The spectrum
in figure 1(b) is for an emission rate window of 559 s~!, corresponding to the ratio of the
sampling times #; = 2.2 ms/t, = 6.6 ms.

The spectrum shown in figure 1(a) indicates that in sample 218it five shallow defects
labelled as T1, T2, T3, T6 and T8 with activation energies 10, 20, 50, 100 and 165 meV,
respectively, are present. It should be noted that the peak corresponding to trap T1 (10 meV) is
approximately three times higher than those related to the other traps. These traps can be either
donors or acceptors, and from the HRPITS measurements we cannot distinguish whether the
peak is due to the thermal emission of electrons or holes. Figure 1(b) shows the presence of two
predominant midgap traps T17 (590 meV) and T18 (640 meV) as well as the presence of trap
T12 (280 meV). The peak corresponding to the latter is around seven times lower compared
to the peaks observed for traps T17 and T18.

The HRPITS spectrum of sample 2laym at the emission rate window of 2200s~!,
corresponding to the ratio of the sampling times #; = 0.56 ms/#, = 1.68 ms, is illustrated in
figure 2. It is easily seen that in this material nine defects centres were detected: T2 (20 meV),
T3 (50 meV), T6 (100 meV), T7 (140 eV), T8 (165 meV), T9 (195 meV), T15 (520 meV),
T17 (590 meV) and T18 (640 meV). Among them the centres T2 (20 meV) and T8 (165 meV)
are predominant.

Figure 3 shows the HRPITS spectrum of sample 24asd with the highest value of Hall
mobility. The spectrum is presented for an emission rate window of 2200 s~!. The inset shows
the part of the spectrum taken at an emission rate window of 12300 s~! at the temperature
range from 20 to 130 K. In this material 12 traps were detected: T1 (10 meV), T3 (50 meV),
T4 (60 meV), T5 (80 meV), T10 (240 meV), T11 (265 meV), T12 (280 meV), T13 (350 meV),
T14 (500 meV), T16 (530 meV), T17 (590 meV) and T18 (640 meV). Among these defects,
trap T14 (500 meV) is predominant.
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Figure 1. An HRPITS spectrum of SI InP:Fe characterized by Hall mobility at 300 K equal to
1600 cm? V~! s~!. (a) temperature range of 20—150 K, emission rate window equal to 12300s~";
(b) temperature range of 150-320 K, emission rate window equal to 559 s~ .
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Figure 2. An HRPITS spectrum taken at an emission rate window of 2200 s~' for SI InP:Fe
characterized by Hall mobility at 300 K equal to 2392 cm? V™! s~!. The peaks obtained from
fitting the spectrum with Gaussian functions are marked with broken curves.

The Arrhenius plots for all the traps detected in the samples characterized in table 1 are
shown in figures 4(a) and (b). The former illustrates the plots for the traps observed at the
temperature range of 20—120 K and the latter presents the plots for the traps detected at the
temperature range of 120-320 K. These plots illustrate the dependence of the reciprocal of the
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Figure 3. An HRPITS spectrum taken at an emission rate window of 2200 s~' for SI InP:Fe
characterized by Hall mobility at 300 K equal to 2638 cm? V™! s™!. The inset shows the part of
the spectrum for the emission rate window of 12300 s~! determined at the temperature range from
20 to 130 K. The peaks obtained from fitting the spectrum with Gaussian functions are marked
with broken curves.

emission rate as a function of the temperature reciprocal, and represent the signatures of the
defect centres. The properties of the detected traps determined on the grounds of the Arrhenius
plots are summarized in table 2.

The results shown in table 2 indicate that the defect structure of SI InP:Fe is very complex
and the material properties are affected by a number of various point defects. Trap T1 (10 meV)
is likely to be attributed to shallow donor impurities such as sulfur in the phosphorus sublattice
or silicon in the indium sublattice [6, 7]. The ionization energy of these donors is around
6 meV [7]. Trap T2 (20 meV) can be assigned to shallow acceptor impurities such as silicon in
the phosphorus sublattice or zinc in the indium sublattice [6, 7]. The ionization energy of these
acceptors is around 30 meV [7]. Moreover, the results of glow discharge mass spectroscopy
(GDMYS) indicate that InP crystals are contaminated mainly with sulfur, silicon and zinc and the
amount of sulfur is much higher than that of silicon and zinc [15]. On the other hand, it has been
suggested that iron in InP is compensated by a shallow donor related to the 2316 cm™! local
vibration mode (LVM) assigned to the fully hydrogenated indium vacancy Vi, Hy [16]. Trap T3
(50 meV) is presumably another shallow donor formed, however, by a native defect or a native
defect—impurity complex [6, 7]. Traps T4 (60 meV) and T5 (80 meV) we assumed as unknown,
for we have not managed to find any reference on the properties to defects corresponding to
these traps. The activation energies of traps T6 (100 meV) and T7 (140 meV) match very
well the ionization levels E, + 0.1 eV and E, + 0.13 €V of indium vacancies V?n/ and V;n/ 0
respectively [8]. Traps T8-T16, with activation energies ranging from 165 to 530 meV, are
likely to be attributed to native defects or complexes involving a native defect and an impurity.
The two midgap traps T17 (590 meV) and T18 (640 meV) are related to iron Fe>* [14]. The
former is likely to be attributed to the complex composed of Fe>* and a native defect [12, 13],
while the latter corresponds to the transition Fe?* — Fe3* +e [14].

The spectra presented in figures 1-3 illustrate the differences in the defect structure of
SI InP:Fe crystals with various Hall mobility. In the crystal with the lowest Hall mobility
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Figure 4. Arrhenius plots for grow-in point defects detected in SI InP:Fe. (a) temperature range
of 20-120 K; (b) temperature range of 120-320 K.

(1600 cm? V~! s71), shallow donor impurities and iron-related defects are mainly observed.
It should be emphasized that the higher concentration of shallow donors results in a higher
concentration of Fe?* and a lower concentration of Fe**

In the crystal with Hall mobility 2392 cm? V~! s~!, the shallow donor impurities are not
observed, and dominant defects include shallow acceptors and native defects. The small peaks
related to Fe?* indicate that the vast majority of iron atoms are in the Fe** charge state. So, the
mobility in this crystal is limited mainly by the high total concentration of iron (4 x 10'® cm~—3)
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Table 2. Summary of HRPITS results on parameters of traps detected in SI InP:Fe grown by the
LEC method. (Comments: e and h denote electron and hole trap, respectively)

Activation Pre-exponential

Trap energy factor Material in which the

label E, (meV) A(sTHK™?) Tentative identification trap occurs

T1 10 5.0 x 103 Shallow donors: S, Si [6, 7] 218it and 24asd

T2 20 5.0 x 103 Shallow acceptors: Si, Zn [6, 7] 218it and 21aym

T3 50 1.0 x 10° Shallow donor: native defect or 218it, 24asd and 21aym
native defect—impurity complex [6, 7]

T4 60 7.0 x 10* Unknown 24asd

T5 80 1.0 x 10* Unknown 24asd

T6 100 1.0 x 10° v+ (8] 218t and 21aym

T7 140 3.0 x 106 v,./0 18] 2laym

T8 165 1.5 x 10° Native defect observed after electron 218it and 21aym
irradiation (h) [9]; DO (e) in [10]

T9 195 2.0 x 10° Related to Vp (e) [11] 21laym

TIO 240 6.5 x 107 P/ [12] 24asd

T11 265 6.5 x 10° Related to Zn [9] 24asd

TI12 280 4.0 x 10° E6in [13] 218it and 24asd

T13 350 4.0 x 10° Related to Py, (e) [11] 24asd

T14 500 3.0 x 108 Fe—donor complex (e) [12] 24asd

T15 520 7.0 x 10° Prn—Zn complex (h) [9] 2laym

T16 530 1.0 x 10° Induced by excess of P [9] 24asd

T17 590 3.0 x 108 Complex involving Fe?*; 218it, 24asd and
B2 (e) [12], E1 [13] 2laym

T18 640 4.0 x 108 Fe?*/3* (e) [14] 218it, 24asd and 21aym

which is the sum of [Fe?*] + [Fe**]. The crystal with Hall mobility 2638 cm> V~! s~! contains
small shallow donor concentration as well as small iron concentration (9 x 10'> cm™). The
dominant defects in this material are related to its stoichiometry and are formed by complexes
involving the phosphorus antisite (Pyy,).

Figure 5 gives the comparison of the electron mobility—lifetime product (4 7) as a function
of temperature for all the samples characterized in table 1. It s easily seen that for each sample
we have a different value of the 7 product at room temperature (300 K) and different behaviour
with decreasing temperature from 300 to 30 K. The values of the electron lifetime at 300 K
calculated for samples 218it, 21aym and 24asd are 2.2 x 1072, 2.4 x 107'% and 3.2 x 1077 s,
respectively. So, the lifetime at 300 K is determined mainly by the iron concentration. With
decreasing temperature, the lifetime begins to decrease due to decreasing the carrier emission
rate from the iron-related recombination centres. Next, while the temperature decreases the
majority of iron-related centres become occupied. Thus, at a temperature below 200 K the
lifetime starts to be determined by band-to-acceptor (BA), band-to-band (BB), donor—acceptor
(DA) and donor-to-band (DB) transitions. The probability of these transitions decreases with
decreasing temperature and the lifetime increases [6, 17]. To some extent, the temperature
dependence of the ut product is also affected by the changes in the electron mobility. In InP
crystals with net donor concentration ~1 x 10'® cm~3 the Hall mobility may rise up to 4 times
on decreasing the temperature from 300 to 70 K [7]. So, the variations of the pt product at
the temperature range from 100 to below 50 K reflect the changes of the mobility.
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Figure 5. Mobility-lifetime product for electrons as a function of temperature for samples of
SI InP:Fe with various iron concentration.

4. Conclusions

HRPITS has been employed to compare the defect structure of SI InP:Fe crystals with various
Hall mobility. Eighteen defect centres with activation energies ranging from 10 to 640 meV
were detected. These centres are tentatively identified as shallow donor and acceptor impurities,
shallow native defects, complexes involving native defects, and iron-related centres. In the
crystal with Hall mobility 1600 cm? V~! s~!, the dominant defects are the shallow donor
impurities and iron Fe?* centres. The defect structure of the material with Hall mobility
2392 cm? V! 57! is constituted by shallow acceptor impurities, complexes involving native
defects, and iron centres in the Fe** charge state. In the case of the crystal with Hall mobility
2638 cm? V~! 57! there is a balance between the shallow donor impurities and the iron
centres in Fe* charge states, and the dominant defects are related to complexes involving
the phosphorus antisite (Pp,).
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