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Abstract—The effect of doping films of amorphous hydrogenated silicon (a-Si:H) with erbium on the density
of the states in the mobility gap is studied. The data obtained are compared with those for a-Si:H films doped
with arsenic. The data on the density of the states in the lower and upper halves of the mobility gap are deter-
mined from measurements of the spectral dependences of the absorption coefficient and the temperature depen-
dences of the constant and modul ated components of the photoconductivity in films exposed to modulated light,
respectively. It is shown that doping the a-Si:H films with erbium leads to an increase in the density of states
both in the lower and upper halves of the mobility gap. © 2005 Pleiades Publishing, Inc.

Films of amorphous hydrogenated silicon doped
with erbium a-Si:H(Er) attract the attention of
researchers in connection with the fact that an intense
photoluminescence and electroluminescence with an
emission peak at a wavelength of 1.54 um, which cor-
responds to a minimum of losses in a quartz optical
fiber, is observed in them. The luminescence of Er3*
erbiumionsina-Si:H ismuch moreintense and itsther-
mal quenching is much less pronounced than inthe case
of Er®* luminescencein crystalline Si [1, 2].

In the mgority of the earlier publications concerned
with studying the a-Si:H(Er) films, the photolumines-
cenceof thismaterial wasanayzed (see, for example, [2]).
It was shown that the luminescence intensity depended
on the concentrations of the oxygen and erbium atoms
introduced into a-Si:H and attained a maximum at an
erbium concentration of Ng, = 10%° cm3 [3]. However,
thereis hardly any data concerning the effect of doping
a-Si:H with erbium on the density of thelocalized elec-
tronic states in this material in the available publica-
tions. At the same time, the optical and photoelectric
properties of a-Si:H(Er) would seem to depend, to a
great extent, on the distribution of the density of the
electronic statesin the mobility gap. Therefore, we per-
formed optical and photoelectric studies of the
a-Si:H(Er) films and obtained information about the
effect of doping a-Si:H with Er on the density of its
localized electronic states; in addition, we compared
the results obtained with the data on films doped with a
traditional impurity (As).

In this study, we investigated a-Si:H(Er) films
obtained by a decomposition of monosilane (SiH,) in a

high-frequency glow discharge. Films with a thickness
of ~0.8 um were deposited onto a quartz substrate at a

temperature of 250°C. The films were then doped with
erbium using a sublimation of the metal—organic com-
pound Er(CsH,0,); at various temperatures T; (90, 95,
and 105°C). The compound was installed in a vacuum
channel connected to the reaction chamber. According
to the results of measurements of the Rutherford back-
scattering, the concentration of introduced erbium
increased from 2 x 10'° to 3.3 x 10%° cm™ as T; was
increased. Photoluminescence at a wavelength of
1.54 um was observed in the obtained films. The films
exhibited an n-type conductivity, and the Fermi level
was located below the conduction-band bottom at a
depth of E — Er = 0.34-0.36 €V at room temperature.
The value of E — Er was determined from the expres-
sion Ec — E: = kTIn(oy/ay), where a4 isthe dark electri-
ca conductivity and o, = 150 Q' cm™ is the lowest
metallic conductivity [4].

The a-Si:H(AS) films with the Fermi level position
E.—E=0.34 eV were obtained as aresult of introduc-
ing arsine (AsH,) into the reaction chamber. The vol-
umeratio of the gaseswas[AsH;]/[SiH,] = 105, All the
measurements were performed in vacuum with aresid-
ual pressure of 102 Pa after annealing the samples for
30minat T =180°C.

In order to gain insight into the effect of doping
a-Si:H with Er on the density of the states in the lower
half of the mobility gap, we measured the spectral
dependences of the absorption coefficient a using the
constant-photocurrent method [5]. The distribution of
the density of the states, Ny(E), in the upper half of the
mobility gap was determined from measurements of the
temperature dependences of the conductivity in the
case where the films were exposed to light with the fre-
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Fig. 1. Spectral dependences of the absorption coefficient o
for the (1-3) a-Si:H(Er) filmsand (4) a-Si:H(AS) films. The
sublimation temperature during the process of doping with
erbium was T; = (1) 90, (2) 95, and (3) 105°C.

guency w. According to [6], the distribution N,(E) can
be determined from measurements of the constant and
alternating components of the photocurrent. In this case,

n G Ao
Ni(Ef) = KT AS"

where AG and AG are the photocurrent’s constant
component and the amplitude of the alternating compo-
nent, respectively; Eg isthe position of the quasi-Fermi
level for electrons; and G isthe amplitude of the gener-
ation rate for nonequilibrium charge carriers under
modulated excitation. By varying the temperature or
the excitation intensity, we can vary the position Ep
and, correspondingly, determine the distribution N,(E)
from the measurements of AG and AG. The above

expression for N(Ep ) isvalid for the range of modula-
tion frequencies that satisfy the condition

L < < NEvSexp[—(E.—E")/KT],

n

where 1, N, v, and S are the characteristic photore-

sponse time; the effective density of the states in the
conduction band; the thermal vel ocity of the charge car-
riers; and the cross section of the charge-carrier capture
by localized states, respectively. The upper restriction
imposed on the value of w is necessary to ensure ther-
modynamic equilibrium between the free charge carri-
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ers and the charge carriers captured by the statesin the

vicinity of E¢ in the case of modulated excitation. At
the same time, under a condition in which the value of
w is limited from below, the value of AG should not

depend on the lifetime of the charge carriers and should
vary in inverse proportion to w.

The quantities AG and AG were measured under
the exposure of the films to modulated light from a
light-emitting diode with the photon energy 1.85 eV
and the amplitude of the modulated incident-photon
flux | = 9.6 x 10* cm= s*. The modulation frequency
was f = w/21 = 2 kHz. Measurements of the frequency

dependences of Ac for the films under study showed
that this modulation frequency satisfied the above con-
dition for the determination of N,(E) from the measure-

mentsof AG and AG .

In Fig. 1, we show the spectral dependences of the
absorption coefficient a for the studied a-Si:H(Er)
films. In order to aid comparison, the spectral depen-
dence of a for a-Si:H(As) is aso shown in Fig. 1. As
can be seen, thevalue of a for thefilms doped with erbium
exceeds that for the films doped with arsenic by nearly an
order of magnitude in the region where radiation is
absorbed by the structure defectsina-Si:H (hv < 1.5 eV).
It is noteworthy that a certain increase in the absorption
by defects is observed as the value of T; (and, corre-
spondingly, the concentration of erbium atoms intro-
duced into a-Si:H) increases.

It iswell known that the concentration of the defects
(of adangling-bond type) in the a-Si:H films depends on
the position of the Fermi level in the mobility gap [7]. In
the a-Si:H(Er) and a-Si:H(As) films studied by us, the
positions of the Fermi levels were close to each other.
Therefore, the larger absorption in the region corre-
sponding to the defect states for a-Si:H(Er) indicates
that the introduction of Er into a-Si:H gives rise to a
higher concentration of defects than in the case of dop-
ing a-Si:H films with arsenic. This behavior can be
related to thefact that, according to the available data[§],
the Er atoms are incorporated into the a-Si:H structure
as the ErO, becomes more complex. Correspondingly,
the introduction of Er into a-Si:H can lead to a larger
increasein the density of the defect stateslocated in the
middle of the mobility gap than in the case of tradi-
tional impurities.

In Fig. 2, we show the temperature dependences of
the constant photoconductivity component and the
amplitude of the alternating component of the conduc-
tivity as obtained for the studied a-Si:H films. It can be
seen that the amplitude of the alternating component of
the photoconductivity is smaller than the constant com-
ponent by two orders of magnitude. This behavior is
related to the long characteristic photoresponse time of
these films.
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Fig. 2. Temperature dependences of the photoconductivity's
congtant component AG (curves 1-3) and the amplitudes of the

aternating component of the conductivity AG (curves 1-3)
for the a-Si:H(Er) films obtained at T; = (1, 1) 95 or
(2,2 105°C, and (3, 3) for the a-Si:H(ASs) film.
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Fig. 3. Digtribution of the density of the states N; in thevicin-
ity of the conduction-band bottom for the (1-3) a-Si:H(Er)
films and (4) a-Si:H(As) films. The numbers at curves 1-3
correspond to thosein Fig. 1.

The distribution of the density of the electronic
states in the upper half of the mobility gap for the stud-
ied a-Si:H films doped with Er or As was determined

from processing the temperature dependences of AG
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and AG (seeFig. 3). Thevaluesof E. — Ef were deter-
mined from the expression

Ec—E! = kTIn(o,/A5).

It can be seen in Fig. 3, by comparing the data
obtained for the a-Si:H(Er) and a-Si:H(AS) films, that
the density of the statesin the upper half of the mobility
gap for the a-Si:H film doped with Asis close to N,(E)
for the a-Si:H film doped with Er at T; = 95°C. It can
also be seen from Fig. 3 that the density of the elec-
tronic states near the conduction-band bottom increases
as T; (and, correspondingly, the concentration of Er
atomsintroduced into a-Si) increases. We can note that
the obtained result makes it possible to account for the
different dynamics of the variationin the electrical con-
ductivity under a prolonged illumination of a-Si:H
films that have experienced various levels of doping
with erbium [9]. A decrease in the relative variation in
the electrical conductivity of a-Si:H(Er) films asthe Er
concentration increases under their exposure to pro-
longed illumination can be related to an increase in the
density of the states in the region in which the shift of
the Fermi level occurs.

Thus, the studies performed by us showed that the
doping of a-Si:H filmswith Er led to alargeincreasein
the density of the statesin the mobility gap of this mate-
rial as compared to a-Si:H doped with traditional donor
impurities.
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