The EL2 trap in highly doped GaAs:Te
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We have investigated highly doped GaAs:Te at different doping concentrations (>10'7 cm™) to
assess the presence of the EL2 trap. We have utilized both capacitance and current transient
spectroscopy techniques. The crucial parameter for the detection of EL2 is the relative position of
the electron quasi-Fermi level in the depletion region. The observed shift of the EL2 apparent
activation energy with increasing doping concentration is also discussed. © 1995 American

Institute of Physics.

I. INTRODUCTION

The EL2 electron trap is considered the dominant deep
level in melt-grown GaAs and it is generally attributed to a
complex involving the antisite defect Asg,, even though the
actual structure of the defect is still controversial. One of the
most useful techniques for the investigation of deep traps is
deep level transient spectroscopy (DLTS) which is based on
the analysis of capacitance transients generated by pulsed
electronic excitation of a depletion region. It has been ob-
served in the literature that in DLTS measurements the EL2
trap concentration decreases with increasing doping concen-
tration up to a complete disappearance of the trap peak for
dopant concentrations >107 cm™> Ref. 1. To account for
this effect, it has been proposed that the defect complex re-
lated to the EL?2 level interacts with the shallow donors and
undergoes a stoichiometric transformation as the free-carrier
concentration increases, annihilating for concentrations
above 10'7 cm™® Ref. 2. Another explanation relies on the
large reverse saturation current values measured in Schottky
diodes fabricated on highly doped material,’> which induce
variations in the trap occupancy factor. Alternatively, alter-
ations in the Schotitky barrier height on highly doped mate-
rial are considered responsible for the DLTS measurements
results.* Capacitance methods have, however, been criticized
in the past for their limited capabilities in characterizing
highly doped semiconductors, both because of the high elec-
tric field in the depletion region and because of the large
reverse saturation current of the diode.

This article deals with capacitance (DLTS) and current
transient spectroscopy (CTS) and photo-induced current
transient spectroscopy (PICTS) investigations on samples
with different doping concentrations, in order to explore the
actual existence of the EL2 trap in highly doped GaAs. To
this aim we have utilized several spectroscopic techniques,
as they exploit different physical parameters for the detection
of the trap levels. We have indeed observed the EL2 level
disappear in the DLTS spectra, but not in the CTS and
PICTS ones. This disappearance can be explained by taking
into account the relative position of the EL2 and quasi-Fermi
level in the band gap.
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li. EXPERIMENT

We have studied three sets of LEC GaAs:Te samples
with different doping concentrations: set A with
Np-N4=2%10'7 cm™>, set B with Np-N,=4x10'7 cm™3
and set C with Np-N,=7%10'7 cm™3, Schottky diodes
have been prepared by evaporating a 500-A-thick Au barrier
and an In ohmic contact. From /-V measurements the diode
ideality factor n has been determined to vary from n=1.0 to
n=1.1 with increasing dopant concentration. The Schottky
diodes series resistance resulted always =80 (). The barrier
height ®, and the free carrier concentration Np-N, have
been obtained from C-V measurements. Table I reports @,
and the diode reverse saturation current J, for the three sets
of samples at T=300 K and a reverse bias V,=—1 V.

Junction spectroscopy experiments have been carried out
with a SULA Tech. system by measuring capacitance tran-
sients for DLTS and current transients for CTS and PICTS
measurements. The following experimental conditions have
been utilized for DLTS and CTS measurements: for set A
V,=—3 V and a filling pulse V=0V, for sets B and C
V,=—0.5 V and V,=+1 V. The pulse width has been
maintained constant and equal to 100 us, while the emission
rate e, has been varied from 4.65 to 465 s~!. In PICTS
measurements the optical excitation, generated by a LED
with A=670 nm, consisted of a 30 ms pulse over a 500 ms
period. The reverse bias applied to the diodes was the same
as for DLTS measurements. In samples B and C the strong
band bending localized in the very narrow depletion region
imposed the use of a positive filling pulse.’

Ili. RESULTS

The Schottky diodes prepared on sampies from the three
different sets showed significant differences. As can be in-
ferred from Fig. 1, which shows the variation of the reverse
saturation current with temperature, the slope of the curve is
larger in samples A while the current varies less with tem-
perature in samples B and C. The markedly different behav-
ior of samples A with respect to B and C is also verified in
the junction spectroscopy results reported below.

Figure 2 shows DLTS, CTS, and PICTS spectra typical
of samples A where two peaks are present: the EL2 peak
with a level E, located 0.80 eV from the conduction band
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TABLE I Schottky diode barrier heights, ®,, and reverse saturation cur-
rents, J;, at T=300 K for the three sets of samples investigated.

Set D, (eV) J (Alcm?)
A 0.75 1.2x1073
B 0.71 1.3x1072
c 0.69 5.0x1072

ES® and another peak at lower temperature with
E~E,=0.34 eV. Their capture cross sections are
0,=4X1071 and 0,=4.3X1071% cm? respectively. A
trap similar to the latter one has already been detected in
LEC GaAs:Te and named ECX.” The EL2 peak position is
slightly shifted in the DLTS spectrum with respect to the
CTS and PICTS ones, as can be expected for the differences
existing between current and capacitance transient tech-
niques. In fact, it has been calculated that, for a given rate
window, the emission rate e, relative to a current transient is
larger than for a capacitance transient. This accounts for the
different position of the same peak in the temperature axis.®
The trap concentration has been determined taking into ac-
count the diode series resistance’ and the so-called
“N-effect”,'%!! and they resulted to be [EL2]=1.6X10'
cm™? and [ECX]=2.4X10" cm™3.

The spectra taken from samples of set C are quite differ-
ent, as can be inferred from Fig. 3 where DLTS, CTS, and
PICTS results are reported. A shift of the ECX level has been

10

10®

Current (A)

10®

107 1 1 ! 1 ! 1
24 26 28 30 32 34 36 3.8

1000/T (K~ )

FIG. 1. Schottky diode reverse current as a function of temperature at
V,=—1V, for samples of set A (curve a), B (curve b), and C (curve c).
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FIG. 2. DLTS, CTS, and PICTS spectra typical of samples from set A. The
solid line refers to the DLTS, the dotted line to the CTS and the chain line
to the PICTS signal. The following experimental conditions have been used:
Vy==3V,V;=0Ve,=46.55".

observed, from 0.34 to 0.30 eV. Focusing the attention on the
EL2 peak, whose activation energy shifts to 0.76 eV, it is
evident that it is not present in DLTS, while it is still visible
in CTS and PICTS spectra. The detection of other peaks
(ECX and a level at E.-E,=0.59 eV with 0,=9Xx107'?
cm?) in DLTS, indicates that the disappearance of EL2 is not
only due to the poor capabilities of capacitance spectroscopy
methods, as proposed by Hasegawa ez al.? Rather, these find-
ings suggest that it is due to the relative position in the gap of
EL2 and of the quasi-Fermi level (QFL). We have calculated
the QFL position for each set of samples, according to the
procedure of Ma ez al.,* taking into account the measured
EL2 energy level for each sample (EL2,=0.80 eV,
EL2;=0.78 eV, and EL2,-=0.76 e¢V). We have neglected
the contribution to the /- V characteristic of the tunneling and
image-force effects, as it has been demonstrated that they do
not seriously affect the results of the QFL calculations.'? The
results, relative to the temperature 7=300 K, are shown in
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FIG. 3. DLTS, CTS, and PICTS spectra typical of samples from set C. The
solid line refers to the DLTS, the dotted line to the CTS and the chain line
to the PICTS signal. The following experimental conditions have been used:
V,=0V, V=41V, e,=46.5s7L
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FIG. 4. Band diagram of the depletion region relevant to the metal-
semiconductor contact for the three sets of samples, at T=300 K. Figures
4(a)-4(c) refer, respectively, to sets A, B, and C. F,, is the metal Fermi
level, @, is the barrier height, QFL is the quasi-Fermi level. The distance
AE between EL2 and QFL is AE=0.09 eV, AE=0.05 eV, and AE=0.02
eV for sets A, B, and C, respectively.

Fig. 4, Figure 5 shows the computed A E=EL2-QFL varia-
tion with temperature for sets A, B, and C, obtained consid-
ering the reverse saturation current trend (Fig. 1). The deter-
mination of the trap concentrations proved to be difficult for
samples B and C, since the experimental conditions utilized
do not allow to apply the usual data treatment for such an
evaluation.

The Arrhenius plots obtained for EL2 in the three sets
are reported in Fig. 6, where squares refer to set A, circles to
set B and triangles to set C samples. It is evident that the
EL2 Arrhenius plot position shifts along the temperature axis
with increasing doping concentration, the resulting activation
energy varying from 0.80 to 0.76 eV.

Iv. DISCUSSION

The fundamental assumption for the detection of a deep
electron trap is that its energy level lies above the QFL. For
this reason we have, first of all, calculated the relative posi-
tion of EL2 and QFL in our sets of samples, utilizing the
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FIG. S. Variation with temperature of the separation in the band gap be-
tween the EL2 and the quasi-Fermi level for samples A (curve a), B (curve
b), and C (curve c).
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FIG. 6. Arrhenius plots of the EL2 level in samples A (squares), B (circles),
and C (triangles).

reverse saturation current trend with temperature. Even
though we have observed that the separation AE between the
two levels decreases by increasing the doping density, the
EL2 level maintains above QFL for every experimental con-
dition applied and for every sample (Fig. 4). This indicates
that the appearance of the EL2 peak is strongly related to the
physical process utilized to identify the electron traps, i.e., to
the experimental technique employed.

The variation of the reverse saturation current with tem-
perature (Fig. 1) confirms the trend calculated for AE (Fig.
5). It is evident that the deterioration of the diode perfor-
mances with increasing doping density is related to the sepa-
ration between EL2 and QFL. In samples A and B AE>KT
in the whole temperature range investigated, while in
samples C for T=360 K, the temperature when the EL2
peak starts to appear, AE~KT (~0.026 eV). The EL2 occu-
pancy actually changes during the filling pulse in all of the
investigated samples. This variation is expectedly very small
in the most doped samples and, thus, hardly appreciable if
the detectivity limit of the technique employed is not low
enough. As the detectivity limit of the DLTS method is at
least five times higher than in CTS," the EL.2 peak cannot be
detected in the DLTS spectra of the most doped samples
while it is still present in CTS. In the other samples the
separation between the QFL and the trap level largely ex-
ceeds the thermal noise, thus permitting the trap detection.
This last consideration holds for every other electron trap
taking into account the relevant AE.

The increase of the reverse saturation current in highly
doped samples, which hinders the EL2 detection in DLTS,
can be suitably suppressed in current transient measurements
techniques, where the greater sensitivity of the method al-

- lows to detect even small variations in the current signal.'®

The EL2 peak is always present in CTS and PICTS spectra,
indicating that such techniques are capable of investigating
the high-temperature region of highly doped semiconductors,
while DLTS can still be used on such specimens but only in
a limited range of temperatures.

The observed shift of the EL2 Arrhenius plot in the three
sets of samples could be attributed to different effects in-
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TABLE II. Band gap variation AE, (Ref. 15) estimated for the three inves-
tigated sets of samples. The measured EL2 activation energies are also re-
ported.

Set AE, (eV) EL2 (E-E,) (eV)
A (2%107 em™3) 0.015 0.80
B (4%10'7 cm™3) 0.035 0.78
C (7X10"7 cm™3) 0.048 0.76

duced by the increased concentration of dopant atoms. In
n-type semiconductors, the impurity levels in the gap tend to
spatially overlap and form a band which merges with the

near conduction band, thus adding a “tail” of states. More-.

over, the conduction band is perturbed by deformation poten-
tials locally induced by the accommodation of impurities in
the lattice, the overall effect being a smearing of the band
edge.'* The combination of the conduction band filling effect
(known as the Burstein shift'>) and of the shrinkage of the
effective energy gap,'*'S induces a variation AE, of the band
gap width. It has been proposed that the band gap shrinkage

AE, could be determined by studying the diode recombina--

tion current as a function of doping concentration and
temperature.!® We have obtained an estimate of AE ¢ for each
set of investigated samples from experimental data taken
“from the literature.!® The results are reported in Table II.
Such a band gap variation may be considered responsible for
the observed shift of the EL2 activation energy with increas-
ing doping concentration of the sample, as the measured
E.— E, values are affected by the actual bottom of the con-
duction band £,..

Another explanation of the observed shift of the EL2
activation energy could be a stoichiometric transformation of
the defect, accompanied by a more general rearrangement of
the material as the dopant concentration increases, hypoth-
esis which is supported by the appearance of a third peak in
the most doped samples (E,.— £,=0.59 eV).2!7 However,

the EL2 trap manifests itself in different ways in LEC GaAs’

and it is quite impossible to attribute all the experimental
data in the literature to a unique origin or defect-complex. It
has been suggested that a family of midgap electron traps
exists in LEC GaAs, with similar Arrhenius plot but different
electrical and optical properties.'®

V. CONCLUSIONS

We have studied LEC GaAs:Te with different doping
concentration by junction spectroscopy methods (DLTS,
CTS, and PICTS). Two peaks have been detected in the less
doped set of samples, set A, one identified as EL2
(E.—E,~0.80 eV) and the other as ECX (E.—E,=0.34
eV). In the most doped samples, sets B and C, a third peak
appears at E.—E,=0.59 eV. In the DLTS spectra of the
most doped samples the EL2 peak does not appear, while it
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is still present in the CTS/PICTS ones. This indicates that
EL2 does not annihilate in highly doped GaAs:Te. Its disap-
pearance results to be a measurement artefact in the DLTS
method, imputable to the thermal noise which becomes com-~
parable to the distance between EL2 and the quasi-Fermi
level. This effect strongly affects capacitance spectroscopy
methods which result less reliable than current spectroscopy
methods in the high-temperature range. Furthermore, the
Arrhenius plot of the EL2 level moves towards lower tem-
peratures with increasing doping concentration. This could
be explained by the combined effect of changes in the den-
sity of states near the conduction band edge (band tails), of
dopant induced strain in the lattice, of the Burstein shift for
n-type materials and of majority carrier screening.'*~'S In
fact, the net result of all the above mentioned effects is the
narrowing with increasing doping concentration of the band
gap width and a variation of the measured activation energies
of deep traps. An alternative explanation of the observed
shift could be a rearrangement of the atomic configuration of
EL2 induced by the increasing dopant concentration. This
last hypothesis is supported by the appearance of a third
level in the most doped sets of samples.
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