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The effect of the electric field on the thermal emission rate of electrons from the hydrogen-carbon
deep donor level in Si has been investigated by means of double-correlation deep-level transient

spectroscopy. The results show for the first time an anomalous strong dependence of the activation
energy of a deep level on the electric field to the extent of =3I meV/10' V cm '-. A tentative model i~

considered which takes into account that the electronic properties of hydrogen depend on its lattice sitf.

in the crystal, as predicted by theory. The zero-field activation energy for electrons of the H-C complex
was found to be 185 meV.

PACS numbers: 71.55.Ht

The properties of hydrogen in crystalline semiconduc-
tors have been studied extensively in the past [I,2]. The
main reason for this interest can be traced to the rich spec-
trum of interactions of H with impurities and defects in

crystalline semiconductors [2]. However, there is insuf-
ficient experimental knowledge of the electronic proper-
ties of the (isolated) hydrogen species, although several
theoretically supported models have been proposed [3—5].
Theory predicts that the charge state of isolated hydro-
gen [5] as well as of H paired to a group IV impurity in

elemental semiconductors [4] depends on its lattice site.
The neutral and positively charged H species is supposed
to occupy the bond-center site, while negatively charged
H enters the interstitial tetrahedral site (T site).

Two defect centers in crystalline silicon are known in

the literature that give some experimental evidence for the

proposed models and can be used to investigate the main
electronic properties of H: The hydrogen-carbon complex
[6, 7] and the E3' level [8,9]. Both centers have been
investigated by deep-level transient spectroscopy (DLTS)
[10]. The hydrogen-carbon complex [6, 7] acts as a deep
donor with an activation energy located about 0.16 eV
(low electric field value) below the edge of the conduction
band. Because of the isoelectronic behavior of the group
IV impurity carbon, which is completely incorporated on
substitutional lattice sites in the samples, the H-C complex
reflects the principal electronic properties of hydrogen.
Pseudopotential-density-functional calculations [4] even
lead to the surprising result that such an H impurity pair
has an energy level that is virtually identical to that of an

H atom at the same atomic site but ~i,thout the impurity.
The E3' center [8,9] is regarded by Holm, Bonde Nielson,
and Bech Nielsen [8] as involving (most likely isolated)
H. This center is metastable and acts as an electron trap
located at [8] Ec —Er = 0.16 ~ 0.01 eV after correction
of the Poole-Frenkel effect by assuming a Coulomb defect
potential [11]. However, no experimental evidence is

given for this assumption. Both the E3' center and the H-

C complex seem to reflect similar basic properties of H in

Si, as can be seen in the corresponding activation energies,

for example. However, the junction electric held apparent
in DLTS measurements prevents the correct determination
of the activation energy.

In view of this situation, the =ero field acti-vation energy
of such an H-related center is of considerable interest.
It can be determined either by optical methods such
as photoluminescence, by Hall effect studies, or by;l
detailed analysis of the electric field dependence of the

activation energy of the deep center by using the double-
correlation deep-level transient spectroscopy (DDLTS)
principle [12] and extrapolating the data to a zero electric
field. The latter option is chosen in this v ork. Ar]

additional question affects the localized potential of the

defect, which can also be determined from the results of a
detailed electric field study of the activation energy [13).
In line with this it was found to be important to investigate
whether tunneling processes are involved in the emission
process of charge carriers from the defect center [13.14].

In this paper, the results of field-dependent measure-

ments of the activation energy of the hydrogen-carbon
complex in crystalline n-type Si are presented, The zero-

field activation energy is found to be 185 meV. which

is slightly larger than the low-field value I,
'160 meV'I re-

ported in Ref. [6]. It is shown for the first time that this

H-related deep center exhibits an anomalous strong field

dependence of the emission rate of electrons or its acti-
vation energy, and that tunneling is IMt involved in the

emission process. The experimental results are discussed
in terms of the three-dimensional Poole-Frenkel effect for
three different defect potentials: (1) Coulomb potential.

(2) square-well potential, and (3) Gaussian potential. Au

interpretation of the strong field dependence which takes
theoretical calculations of the electronic properties of H in

Si into account is discussed.
The samples consist of Czochralski (CZ) and fioat-

zone (FZ) grown Si crystals ([100] oriented) which are

doped with phosphorus (shallow dopant) and carbon
(= 4 && 10" cm 3). Special care was taken to avoid con-

tamination with metallic impurities by using only materi-

als of the highest available purity. In order to vary the
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electric field in the observation volume, three different
types of samples with different shallow-dopant concen-
trations are prepared: sample L with [P]= 1 X 10's cm
sample M with [P] = 5 X 10's cm 3, and sample H with
[P]= 5 X 10's cm 3. The samples are hydrogenized by
wet chemical etching at room temperature for 30 s in an
acid consisting of HNO3:HF:CH&COOH = 5:I:I [15,16].
Following this, the polished front surfaces of all samples
are supplied with Au-Schottky barriers by evaporating Au
onto a substrate at room temperature. Ohmic back con-
tacts are applied by rubbing eutectic GaIn onto the back
surface of the samples. The process of sample preparation
is described in detail in Ref. [7]. In order to form the H-
C complex, the samples were subjected to a reverse-bias
annealing (RBA) treatment (—4 V, 320 K, 62 h) [6,7].
The formation of the H-C complex is checked by DLTS
measurements before and after the RBA step and was
identified by comparing the trap data (position of DLTS
peak for equal emission time windows and comparable
electric field, concentration, formation and annealing be-
havior) with the data of Refs. [7]. In Refs. [6] and [7]
it was shown that the trap density depends sensitively on
the carbon content as well as on the hydrogen content
in the samples. For this reason the DLTS peak after the
RBA process is correlated with the existence of hydrogen-
carbon pairs.

The field-dependent studies of the H-C complex are
carried out by means of DDLTS [12]. The crystal ori-
entation of the electric field in the space-charge layer of
the Schottky diodes is along a (100) direction. Only ther-
mal emission processes at a fairly constant electric field
strength are studied, thus yielding exponential capacitance
transients from which the emission time constants can be
directly determined according to

C(t) —C, = b Ce

where C(t) is the capacitance of the DDLTS transient at
time t and C, is the capacitance at the reverse bias applied
in the equilibrium state. AC is the amplitude of the
DDLTS transient. The average electric field strength F in
a thin slice of the depletion region from which the signal
is obtained is calculated [17] from C-V measurements
carried out at the corresponding DDLTS temperatures.

In order to check whether tunneling processes are
involved in the emission of electrons from the H-C defect
center, the emission time constant is measured in the
wide temperature range of 44—98 K and at three different
electric field strengths. This is done for samples L and
H by recording single DLTS transients in a small region
(almost homogeneous electric field) of the space-charge
layer of the Schottky barriers at a fixed temperature
T and directly determining the time constant r from
Eq. (1). The Arrhenius plots in Fig. 1 show the measured
emission time constants 7- of samples L and H as a
function of temperature T. The time constants vary from
2.8 ms to 8.5. h; this allows a very accurate determination
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FIG. 1. Arrhenius plots of T -corrected thermal emission time
constants r of the H-C complex in the three different samples L
(squares), M (triangles), and H (circles). The average electric
field F is given as a parameter.

TABLE I. Electric field (F)-dependent activation energy E&

of the H-C complex of samples L, M, and H; also shown is the
value of EA of earlier measurements [6].

From
Ref. [6] Sample L Sample M Sample H

F (V/cm) 8 X 10' 1.0 X 104

Eq (meV) 160 ~ 2 154 ~ 1

1.8 X 104

134 ~ 5
3.8 x 104

67~1

of the activation energies. The Arrhenius plot of sample
M in the temperature range of 82—88 K, which was
recorded via a conventional DLTS measurement, is also
drawn. For the evaluation of the activation energies
from the slope of each Arrhenius plot in Fig. 1, the
capture cross section was assumed to be independent of
temperature. This is proven by measurements of Heyman,
Endros, and Hailer [18]which show that the capture cross
section of the H-C complex varies only by a factor of 2
within the considered temperature interval. This leads to
an error in the determination of the activation energy of
only a few meV in the case of the H-C complex. Table I
clearly indicates that the activation energy of the H-C
complex is field dependent.

Halder and Barnes [19]and Vincent, Chantre, and Bois
[13] showed that phonon-assisted tunneling of electrons
between the potential well and the conduction band leads
to a nonlinear Arrhenius plot. This is also true when a
pure tunneling process as described by Korol [20] is dom-
inant. In this case the emission rate becomes independent
of temperature. However, it can be seen in Fig. 1 that
the Arrhenius equation of the H-C complex is strongly
linear, which means that the pairs of values (T, r) obey the
Shockley-Read-Hall statistics [21]. Consequently, neither
phonon-assisted tunneling nor pure tunneling takes place
in the process of electron emission from the H-C defect
center in the investigated range of temperature and elec-
tric field.
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FIG. 2. Electric field (F) dependence of the DLTS activation
energy EA of the H-C complex in Si. Triangles and squares:
experimental values measured by the DDLTS principle (tri-
angles) and taken from Table I (squares). The solid line repre-
sents the computed linear regression between E& and F: EA =
—31 (meV/104 Vcm ') x F + 185 meV. Other curves: theo-
retical fits with the three-dimensional Poole-Frenkel model
(T = 70 K) using a Coulomb potential (dash-dotted line), a
square-well potential of radius 37.0 nm (dotted line), and a
Gaussian potential with an amplitude of 185 meV and a char-
acteristic width of 21.5 nm (dashed line).

To obtain a detailed description of the field dependence
of the activation energy of the hydrogen-carbon complex,
sample H is investigated by the DDLTS principle [12].
It is found that the emission rates depend strongly on
the electric field and that the field effect increases with
decreasing temperature. The activation energy of the H-
C complex at each electric field is deduced from the
slope of the Arrhenius plots similar to Fig. 1. The results
show (Fig. 2) that a good linear correlation (99.8%) exists
between the activation energy E& and the electric field F.
By extrapolating the data to F = 0 we observe that the
zero-field activation energy of the H-C complex equals
185 meV (+.5 meV).

For various deep-level centers in semiconductors, like
the thermal donors [22], Te [23, 24], S [24], and Se
[24, 25] in silicon, Au, Cu, and Ag in ZnTe [26] and the
0.85 eV hole level in GaP [27], the model of the one-
[28] or three-dimensional [11] Poole-Frenkel effect with
a Coulomb defect potential shows good agreement with
the experimental data. For this reason we also tried to
use the three-dimensional model by Hartke [11]to explain
the field dependence of the H-C complex. However,
it can be seen in Fig. 2 that such a model cannot be
reconciled with our experimental results by a long way.
The observed field dependence (=31 me V/104 V cm ') is
much stronger than that predicted by the model of Hartke
(=6 meV/104 V cm '). The strongest field dependence
reported in the literature was observed for Cr. [13] and
the E3 level [14] in GaAs and for the El level [19]
in A105Gao5As. But in all three cases phonon-assisted
tunneling played a dominant role in the emission process.

However, it can be excluded that tunneling processes are
involved in the emission process of electrons from the
H-C complex; i.e., no level is reported in the literature
which comes close to the field dependence of the activation
energy of the H-C center in Si.

Since the Coulomb potential was found to be unsuit-
able for describing the experimental results, we tried to
fit our data to Poole-Frenkel emission from other three-
dimensional defect potentials, namely, a square-well po-
tential and a Gaussian potential. Such potentials are char-
acterized by a range that can be varied in the fitting pro-
cedure. The best fits (Fig. 2) that can explain the exper-
imental data are gained for a square-well potential with
radius r = 37 nm and for a Gaussian potential with an
amplitude Vo = 185 meV and a characteristic width u of
21.5 nm. However, if we compare the range of our fit
potentials (37 and 21.5 nm) with the lattice constant of
Si (0.54 nm) we see that such long-range defect poten-
tials may only be considered if we deal with large de-
fects, i.e., defects involving typically more than ten lattice
sites, but not with point defects as for a hydrogen atom
(a single proton) bound to carbon. For this reason the H-
C complex is expected to have a potential with a range
in the order of a few nanometers as a Coulomb poten-
tial or other [27, 29, 30] defect potentials found for point
defects in semiconductors. We conclude that the stan-
dard theories used to describe the field-enhanced emis-
sion of charge carriers from deep levels, namely, the
Poole-Frenkel model and the quantum-mechanical tunnel-

ing model, cannot satisfactorily explain the experimental
data of the H-C complex [31].

The following tentative model is proposed, in which
the observed properties of the H-C center are explained
within the scope of the present theory of the behavior of
hydrogen in semiconductors. There is theoretical confor-
mity that the charge state of H as well as its electronic
properties are expected to depend on its lattice position in
the semiconductor crystal [32] although direct experimen-
tal evidence is still lacking. For H+ the bond-centered
interstitial (BC) site is recognized to be the stable position
[5]. Applied to the H-C complex, the equilibrium position
of H+ for a zero electric field is the BC site between a Si
atom and a substitutional C atom. Because of the electric
field in the space-charge layer of the samples, however,
the position H+ is altered in line with the electric field
strength. According to the calculations of Denteneer,
Van de Walle, and Pantelides [4] this is accompanied by
a change of its electronic properties, i.e., the energetic
position of the H+/Ho defect level in the Si bandgap
is changed. Consequently, the field dependence of
the H-C activation energy of =31 me V/104 V cm
is the sum of two effects: (1) a contribution of
=6 meV/104 V cm ' which is caused by the field-
enhanced emission of electrons described by the Poole-
Frenkel model with a Coulomb defect potential due to the
ionized center being a proton and (2) a structural term to
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the extent of =25 meV/104 Vcm ' which results from
the position-dependent electronic properties of hydrogen.

In summary, it has been shown that the H-C com-
plex in crystalline Si, which rejects the principal prop-
erties of H, has a zero-field activation energy of 185 meV
for electrons. The anomalous strong field dependence of
=31 meV/10 Vcm ' of the activation energy for elec-
trons cannot be satisfactorily understood in terms of the
Poole-Frenkel effect assuming different defect potentials,
nor in terms of the quantum-mechanical tunneling model.
A tentative model that takes the dependence of the elec-
tronic properties of H on its lattice site into account has
been presented and can be understood in terms of theoreti-
cal predictions.
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