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Impurity identification and characterization by electrical
optical and nuclear methods. The ZnTe : Au case (*)

N. Magnea, J. L. Pautrat, K. Saminadayar, B. Pajot (**), P. Martin and A. Bontemps

Centre d’Etudes Nucléaires de Grenoble, Département de Recherche Fondamentale,
Section de Physique du Solide, 85 X, 38041 Grenoble Cedex, France

Résumé. — L’or introduit par diffusion dans du tellurure de zinc de haute pureté a été caractérisé par des mesures
de capacité, de luminescence et d’absorption infrarouge. La position de I'or dans le réseau est analysée par canalisa-
tion de particules chargées. Il apparait que 1’or se trouve principalement en site substitutionnel (Aug,) et donne un

accepteur simple 8 272 meV de la bande de valence.

Abstract. — Gold is characterized in pure ZnTe by capacitance, luminescence and infrared absorption experi-
ments. The position of gold in the lattice is analysed by channeling of charged particules. We show that gold is
principally introduced in substitutional position (Aug,) and give a simple acceptor level at Ey + 272 meV.

1. Introduction. — The progress in the under-
standing of a semiconductor material’s properties
requires the identification of the main impurities. This
problem is particularly crucial for the compound
semiconductors whose type inversion has not been
succeeded today. The identification itself needs first to
establish a link between the physical properties observ-
ed and the chemical nature of the impurity. This
last point needs the use of a chemically selective
method for doping the crystal (diffusion, ion implan-
tation, etc...) or for analysing it (ion profiling, mass
spectrometry, isotopic effects, etc...). After that, the
complete characterization of the impurity needs to
establish the catalogue of its electrical and optical
parameters like symmetry and localisation of the
occupied site, ionisation energy E,, levels of the s and
p excited states, capture cross section, optical ioniza-
tion cross section.

Such a complete set of data has been established for a
given impurity : gold in ZnTe. In fact the lumines-
cence spectra of pure undoped ZnTe crystals contain
a lot of bound exciton lines related to various acceptor
impurities [1]. Some of these acceptors are precisely
labelled with their associated two hole transitions
observable even in as grown crystals. But some of the
bound excitons lines are not associated with any
two hole replicas. This is the case of a line at 2.362 8 eV
(5 247,1 A) which is irregularly present in all crystals
but, remains generally weak excepted when a gold

(*) Conférence présentée au Congres de la Sociéte Frangaise de
Physique (Toulouse).
(**) Groupe de Physique ENS. Université Paris VII.

diffusion has been done [2]. This was the starting
point of the identification procedure described below.

2. Experimental procedure. — ZnTe crystals are
grown at 1100°C by a Bridgman method using a
Tellurium excess as solvent. The crystals are sliced
and mirror polished before chemical etching in a
solution of bromine in methanol. As grown crystals
contain ~ 1 x 10'3 cm~3 Cug, impurities but Te
inclusions and precipitates always present in the
crystal contain a larger amount of lithium and
copper [3, 4] able to raise the acceptor concentration
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Fig. 1. — Electrical profile of a gold diffused ZnTe sample obtained
as shown in the inset (a). Curve Ng + N, gives the all acceptor
concentration, curbe N, is the deep acceptor profile whereas Ng
is the profile of the shallow acceptors.
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in the 10'®cm™2 range after proper annealing.
Some of the crystals used for this work contain a
small amount (4 x 10'5 cm™~3) of phosphorus impu-
rities due to intentional doping of the melt. For diffu-
sion purposes the ZnTe slice is gold plated and
annealed in the 400-600 °C range for 1 hour in a
N,-H, mixture (10 % H,). After that gold is mecha-
nically polished out and the crystal is wedge shaped
for in depth analysis of the crystal (see Fig. 1a). After
a final chemical etching, the crystal is ready for ana-
lysis by electrical, nuclear and optical methods.
Experimental details will be given together with the
description of the corresponding results.

3. Electrical profile of in-diffused acceptors. —
The wedge shaped crystal is covered with regularly
spaced indium electrodes of diameter 0.4 mm. Due to
the wedge angle (5 %) each metallic electrode probes a
20 um thick region more or less far away from the
original diffusion source. The capacitance of the
Schottky diodes is measured vs. voltage and analysed
in a conventional way in order to extract the total
concentration of acceptors since

dC=2/dV ~ 1/(N, + N,)

if N, and N, refer respectively to a deep and shallow
acceptor. The deduced concentration is correct even
if the deep acceptor is not fully ionized in the bulk
material. The analysed zone covers the space charge
region width which is about of 1 p in the 10'5 ¢cm ™3
range so that the resolution is fixed by the geometrical
parameters. )

The all acceptor profile is shown in figure 1 (curve
N, + NJ). It demonstrates the in diffusion of an
acceptor species..The initial doping (2 x 10'5 cm™3)
of the slice is shown. At this stage we need a specific
analysis in order to separate N, and N, and to get
the ionization energy of this acceptor.
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Fig. 2. — Variation with temperature of the capacitance of
Schottky diodes with various amount of gold doping.
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The existence of a deep acceptor is evidenced by the
capacitance variation obtained on cooling down the
sample (Fig. 2) : the capacitance step at ~ 200 K
indicates a deep acceptor. The starting material was
P-doped and the free hole do not freeze out before
45 K. The small step at 100 K has been shown to be
related to residual Cuy, [2, 4, 6). The smaller step at
90 K distinguishable only on the upper diodes is due
to a small Ag,, diffusion simultaneous with the gold
diffusion (contamination of the source ?).

The main step can be used to deduce the N, concen-
tration when the depth of the level is known [5, 6).
Using the value obtained below we have calculated
the deep acceptor profile (curve N, of figure 1) and
deduced the shallow acceptor concentration (curve
Ny).

The N, values determined in that way far from the
diffusion surface are very similar to initial doping
of the crystal. Near the surface there is some increase
in the shallow acceptor concentration which may be
attributed to the silver impurity which has diffused
simultaneously.

4. Ionization energy of the deep acceptor. — The
capacitance step of figure 2 is accompanied by a
conductance peak centred on the middle of the step.
It can be shown [6] that the peak occur at the tempera-
ture where the condition

wt =1

M

N, AC\™!
- m) (1 - ?) @
o is the capture cross section, v, is the thermal velocity

of the holes, N, the valence band density of states, E,
is the ionization energy of the level, AC is the height

is satisfied with :
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Fig. 3. — Plot of fT 2 versus reciprocal temperature at the conduc-
tance peak.

07y (k)



GOLD IMPURITY CHARACTERIZATION IN ZnTe

703

Table 1. — Electrical parameters of several Schottky diodes obtained on a gold diffused sample. AC/C is the rela-
tive height of the gold associated capacitance step. N, and N, are respectively the concentrations of the deep (gold)
and shallow (copper, silver and phosphorous) acceptors. E, is the experimental activation energy. AE is the theore-
tical lowering and E.,,, is the corrected value (E, + AE). EX" is the optically measured ionization energy of Aug,,

o is the corrected capture cross section.

A N,
Nr. AC/C  x 10 cm™3 x 105 cm™3

1 0.468 39.8 6.2
2 0.523 46.9 4.7
3 0.5 26.2 3.7
4 0.42 13.3 2.7
5 0.33 49 2.1
6 0.262 2.6 1.8
7 0.238 23 1.7

of the step, C is the high temperature value. If the
conductance peaks are obtained at several frequencies
the plot of Ln wT 2 vs.T~! yields a straight line
whose slope gives E, and extrapolation at T = oo
gives ¢. (The T2 term accounts for the temperature
dependence of N, and v, neglecting the temperature
variation of the cross section.) This is the standard
method for getting the signature of a given centre [8].

Such a plot shown on figure 3 does not display a
constant activation energy but rather a decreasing
activation energy for increasing concentrations. Pre-
vious work by Aven and Segall yield a value ~220 meV
in the range of the present results (210-244 meV).
Careful examination of the C(T) and G(T) curves
does not show any evidence for a complex situation
like that arising for exemple of close centres. In fact,
it has been shown after examination of numerous
samples that the ionization energy was effectively
concentration dependent via the space charge electric
field (Poole Frenkel effect) and the coulombic interac-

tion between close impurities which lower the cou--

lombic barrier [9].

These effects can be calculated and the correspond-
ing correction is reported in table 1. The corrected
activation energies are in the range 282 4+ 15 meV
at least for concentration of deep acceptor not too
high N/N; < 4.

For the highest concentrations the simple theory
used for calculating the space charge electric field
is not sufficient and the corrections cannot be obtained
exactly.

Capture cross sections deduced from the curves
of figure 3 and reported on table I are about of
10715 cm? for the less concentrated samples. A direct
measurement of the capture cross section would be
necessary if a more precise value and its temperature
dependence were needed.

These results support the conclusion that the
signature of a deep level is very dependent on its
environmental conditions and excepted if the doping
level and electric field are kept very low, the signature
is never an intrinsic one.

E, AE  E., ER" 4
meV meV meV meV 1015 cm=?2
211 38.6 249.6 272.0 + 1 3.38
214 33.9 2479 2720+ 1 2.46
212 32 244 2720 + 1 1.9
224 31.9 2559 2720 +1 4.23
236 39.6 276.6 2720 + 1 12.1
242 29.2 259.2 2720 + 1 11.5
244 29.7 273.7 2720+ 1 10.3

5. Nuclear experiments. — The electrical measu-
rements have shown that gold introduces an acceptor
in ZnTe. A direct information on the position of the
impurity in the lattice can be obtained from channel-
ing experiments which allow to precise, the occupied
site (substitutional or interstitial) and eventually in
binary compounds the involved sublattice [10].

As gold has an atomic mass higher than that of the
elements of the lattice it can be well identified by
backscattering of charged particles. When coupled
with ionic abrasion this method also provides the
concentration profile of the impurity. However the
sensitivity remains low (100 ppm) and one can only
work on a few tenth of microns below the surface.
The crystal is bombarded with 2.2 MeV B! ions and
one detects the number of the particles backscattered
by the substrate atoms and the impurity,by varying the
angle 0 between the incident beam direction and the
principal cristallographic directions of the crystal.
For 0 = 0, the particles can be channeled and the
backscattering yield decreases. If the attenuation rate
is the same for the substrate and the impurity then
one can conclude that the impurity occupies a substi-
tutional site. On the other hand if it is interstitial, it
obstructs the channel, then the number of backscatter-
ed particles increases. The channeling curve obtained
after a 550 °C/1 h gold diffusion for the three principal
axis is shown in figure 4. It appears that :

(i) Gold is on substitutional site because we observe
the same attenuation on the lattice and the impurity;

(ii) The fraction of substitutional gold is approxi-
matively 85 % showing its high solubility ;

(iti) The sublattice occupied cannot be determined
precisely due to the low statistics of counting rate.
But electrical and optical measurements demonstrate
clearly that gold is acceptor so it shall be on the zinc
sublattice.

6. Optical measurements. — The question at that
time is to determine exactly the binding energy of the
gold acceptor and the visible or infrared transitions
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Fig. 4. — Backscattering angular yield scans for both host (Te and Zn) and Au about three principal axis (analysing beam was 2 MeV

B!“ions).

which allow an unambiguous identification of this
level.

Figure 5 shows the 5 K photoluminescence (PL)
spectrum of gold doped ZnTe excited with the 4 880 A
line of an Ar* ion laser and recorded photoelectrically.
The principal bound exciton (PBE) line A} and donor-
acceptor (DAP) transitions of the Cug, (@) acceptor
present in as grown sample are still observed [1] but a
new PBE line A}" at 2.362 8 eV (5 247, 1 A) dominates
the near gap luminescence. This transition results from

the recombination of the bound exciton where the
acceptor is left in its ground state. It is also observed
in absorption (Fig. 6a) with a splitting resulting from
the J-J exchange coupling of the holes in the neutral
acceptor-exciton complex (in luminescence the bound
exciton excited state A4} is difficult to observe due to
thermalisation). A structure more detailed appearing
near 2.12 eV (5 850 A) is shown in figure 6b.
Superimposed on the broad DAP band (D°, AQ)
with well resolved LO(I") phonon replica sharp lines

Au
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Au /
A-3Lo0
(©A%,)-2L0 Ao L,
S A% 210 \ A‘\-“'o
< , ? AL
;_( A':"-1LO (©°A2)
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Fig. 5. — Low temperature photoluminescence spectrum of ZnTe
tions (A2*) and the donor-acceptor pairs transitions (D%, AS,).

: Au with the principal bound exciton line (Auf") the two-hole transi-
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Fig. 6. — (a) Details of the emission and absorption spectra of A$" line. (b)) Two-hole transitions (A2") revealing the nS;,, excited states
of Aug,. (c) Analyses of the energies of two-hole excited states. Good agreement with the power law indicated in the figure is obtained giving

ER® = 272 meV.

labelled A%>* can be observed. These lines involves
two hole transitions which correspond to the bound
exciton recombination with the gold acceptor left
in even excited states (nSs, using Baldereschi and
Lipari notation [11] due to parity conservation). These
transitions thus provides the internal excitation of the
acceptor as in /R absorption but with a detection in the
visible light range. The spectral shift

AP > A3Y(1S - 29)

equal to 243.1 meV is characteristic of the involved
impurity and can be used as an optical signature for
acceptors identifications [2]. This kind of signature is
completely intrinsic, independent of doping and
electric fields.

Typical IR absorption spectra are presented in
figure 7. Two lines at 255.3 meV and 259.0 meV with
LO(I") phonon replicas are observed. They corres-
pond to the parity allowed transitions between the
ground state and the 2P, level splitted by the cubic

ZnTe: Au
I.R 8 K
S~
2p5, (%3) x
L E
.‘;S
) S
N 2P5 (l'7)
\\__\—_‘r”/\ 3
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i
' __|os
.y ' l K ' ' ' L
260
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] | ] [}
200 250 300 350

ENERGY(meV)

Fig. 7. — Infrared spectra of ZnTe : Au showing the transition to P states (insert) and to valence band states.
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term of the valence band in two states with symmetry
(I';) and (I'g) [11]. At higher energy we can observe
the transitions between the fundamental and the
valence band continuum providing the experimental
spectral dependence of the photoionization cross
section of gold acceptor.

The binding energy E4, of the neutral gold acceptor
can be deduced from the /R and PL spectra :

(i) As the P states evidenced in IR are not affected
by the central cell potential, E{" is simply obtained
by adding the theoretical ionization energy of the
2P5,[(I'7), (I'g)] [12] levels to the excitation energy
obtained in figure 7. We deduced

ERv ~ 271.6 + 0.5meV .

(i) The nSj, states observed in PL are well des-
cribed by a modified Rydberg formula (Fig. 6c¢)

Eg = E{’SL E% ~ 103 meV .

The effective Rydberg E is equal to 103 meV, to be
compared to 57 meV [1] for the hydrogen like accep-
tor. This strong difference comes from the fact that
the central cell potential disturbs the nS wave function
and this distortion can be implicitly included by
increasing E %. From the curve 6c we can obtain the
limit of the two-hole serie A4" corresponding to the
ionization of the acceptor. Then the difference
between A% and A% gives ERY ~ 272 + 1 meV
in very good agreement with IR value.

7. Conclusion. — Several experiments have been
necessary to characterize the level introduced by gold

REVUE DE PHYSIQUE APPLIQUEE

in ZnTe. Electrical and optical measurements have
shown that it is a single acceptor at E, + 272 meV
while nuclear analysis gives clear evidence that gold
is in substitutional position. In this case the simplicity
of the diffusion and the high atomic weight of the
impurity have made easier the convergence of the
different technics showing also the limits of each of
them. v

(i) Nuclear analysis gives a direct proof of the
involved impurity but necessitates high concentration
of dopants (10'® cm™3);

(ii) Electrical and optical measurements are more
sensitive (10'3-10'% cm~3). The first gives accurate
values of doping concentration, but the available
signature of the level can be strongly perturbed by the
condition of measurements (electric field, doping
level). In opposition the optical experiments give the
binding energy of the centre with high precision but
without quantitative results on the concentrations.

However some problems remain on the behaviour
of gold in ZnTe. Particularly we observe a long range
tail in the diffusion profile of gold showing that a
complicated migration mechanism is involved. Fur-
thermore at high concentrations (10'7-10!% cm™3)
we detect new luminescence lines not reported here.
Similar lines have been observed in the case of super-
saturation of copper or silver [2]. In all cases the
centres responsible of the new features have not been
identified but it seems that complex centres with
interstitial species are involved.
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