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Current bumps in the current-voltage characteristics of umorphous semiconductor double-barricr
structures huve previously been associated with a resonunt-tunneling process through quantized levels

in the well region of the structure

We investigate the perpendicular transport through single- (SK)

and double-barrier (DB) structures of hydrogenated amorphous silicon {a-StH) and hydrogenaed
amorphous silicon nitride (2-SiN,:H) grown by glow discharge. The current-voltuge characteristics of
these structures ure studied ot 295 and 77 K. Current bumps are observed in the f-V characteristics of
both SB und DB structures, which suggests a different transport mechanism than previously proposed,
We propose that the first current bump is simply a transition from o low-field (space-charge-limited)
trunsport mechanism to o high-held (multiple-hopping) transport mechanism,  The additional bumps
nre associated with the energy dependence of the density of localized states in the a-SiNGH and a-

Si:H.

The optical and electrical properties of multilayered
structures of amorphous semiconductors huve been stud-
ied extensively by many groups since they were first pro-
posed by Abeles and Tiedje.! Work on these layered
amorphous semiconductors has concentrated mostly on
their fundamental properties which appear to be similar to
those of erystalline superlattices. Crystalline multilayer
structures are known Lo exhibil many interesting proper-
ties associaled with the quantum confinement of clectrons
and holes in the well region of these lavered structures,

For amorphous semiconductor multilayers, one would
gxpect quantum confinement to occur when the well
width, d, is smaller than the inelastic scatiering length, £
However, all theoretical caleulations™' on amorphous
semiconductor multilavers do not use 2 as the important
length scale but rather compare the efastic scatiering
length (40} to d. By treating the disorder as a random po-
tential with zero correlation length, Raikh, Baranovski,
and Shklovskii® find that quantum confinement effects
should occur when d < 22, Tsu® solved a damped one-
dimensional wave equation and showed that quantum
confinement effects would still be chservable in well layers
of 40 A, even for an £ of only 4.5 A. However. the cri-
terion established in Ref. 2 would limit gquantum size
effects to well layers less than 9 A, This discrepancy be-
tween theoretical models suggests that guantum confine-
ment in amorphous semiconducter multilayers is still not
completely understood.

Recent femtosecond  spectroscopic  studies™  have
shown that electrons in extended states of the conduction
band can be trapped by the band-tail states within a few
hundred femtoseconds. Using this technigue, Grahn er
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al.” have shown that the transport in the well layer
(d =39 A) of g-Si:H/a-SiN,:H multilayers is dispersive,
The temperature dependence of the dispersion parameter
indicutes that the carrier trunsport is multiple trapping for
7> 150 K, while at lower temperatures hopping down in
cnergy is the predominant mechanism, These results sug-
gest that the carriers in a-Si:H/a-SiN:H multilayered
structures undergo inelastic collisions after traveling a dis-
tance less than the well layer thickness. Furthermaore,
these collisions would destroy the phase coherence neces-
sury for the observation of quantum confinement eifects,

The blueshift of the optical absorption edge"’ and the
shift of the photoluminescence peak® with reduction of the
well layer thickness are commonly used as prool of the
guantum confinement ol the carriers in the well layer of
amorphous semiconductor superlattices. The increase of
the field-effect mobility of multilayer thin-film transistors”
and the increase of the parallel resistivity of superlat-
tices'® have also been explained using quantum confine-
ment effects. However, several authors'"™"? have also
proposed interpretations of these effects which do not rely
on the quantum confinement of the carriers in the well
layer.

Miyazaki, Ihara, and Hirose'' have associated current
bumps in the /-¥ characteristics of doped a-Si:H/a-
SiN,-H double-barrier (DB} structures o a resonani-
tunneling phenomena through quantized levels in their
doped amorphous silicon (a-Si:H) well layer. Pereyra ef
al.'" have also shown that current bumps in a-Si:H/a-
SiC,:H DB structures can be accentuated using fast volt-
age sweep rates (up to 10 ¥V/s} during the acquisition of
the 7-V curve. Carrefio ef al. ' later showed that similar
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current bumps were observed in a-SiH/a-5iC-H single-
barrier (SB) structures and structures with rectifying con-
tacts. The dependence of the 7-V characteristics of their
SB and DB structures on the sweep rate was explained by
a capacitive effect.

In this paper. we study the perpendicular-transport
properties of undoped amorphous silicon (@-Si:H )/ amor-
phous silicon nitride (g-SiN.H) DB structures. We
chose not o dope the well layer since research on crystal-
line DB structures'®'’ has shown that the presence of
dopants in the well layer decreases significantly the
scattering length of the electron and reduces considerably
any resonant-tunneling effect, Furthermore, the mobility
of doped a-Si:H decreases with dopant concentration' in-
dicating an increase in electron scuttering and a reduction
of the scattering length. We show that the steady-state
current bumps observed in both SB and DB structures can
be explained by o trap-assisted tunneling process, This
transport phenomena is very sensitive to the density of lo-
calized states in the barrier region and to the density of in-
terface stutes between the barrier and well regions.

Figure | shows the SB and DB structures thal were
grown on heavily doped crystalline silicon {¢-Si) sub-
strates in a capacitively coupled rf glow discharge system.
The n *-type ¢-Si neted as the injecting contuct to the SB
and DB structures. Pure SiHg was used during the
growth of the undoped a-Si:H layer, while 1 gas mixture
of NH/SiHg (10:1) was used for the @-SiN:H layer. An
8% PH, in SiHe mixture was used for the heavily doped
a-Si:H top layer which acted as the collecting contact Lo
the structures. The substrate temperature, rf power, and
total pressure were held at 300°C, 10 W, and 200 mTorr,
respectively, The plow discharge system and gas lines
were evacuated quickly and purged for 50 min after cach
nitride layer in order lo minimize any contamination of
the undoped a-Si:H layer. The base pressure after the
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FIG. 1. Schematic fllustration of the SB and DB structures
along with the conduction-band mobility edge anticipated for
fhe DX stroctore.
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purge was —3% 10 7° Torr, The layer thicknesses lor the
SB and DB structures are indicated in Fig. 1. These
thicknesses were estimated using the growth rate calculat-
ed from thicker bulk samples. The dark resistivities of
these thick (—0.3 ym) bulk samples were approximately
10 10'%, and 10" 2 em for n *-type a-SicH, a-SiN:H,
and a-Si-H, respectively, which indicate the good quality
of our layers.

The depasition of metal contacts and the mesa defin-
ition were performed in a clean-room environment {cluss
1000). Samples were dipped in diluted HF (1:10) and
rinsed in DI H:0 immediately prior to metallization. Ti-
tanium (500 A thick) was used as contact material to the
n *-type a-Si:H layer since it has a much lower barrier
height (—~0.3 eV) than Al (—1.0 eV).'"! Without break-
ing the vacuum, a top layer of 1000 A of gold was eva-
porated to prevent oxidation of the Ti contact. The AufTi
contact was used as mask during the dry etching of the
mesa in a CFy+0; plasma ([OL1/ICF,) = 0.04). The di-
ameter of the mesa was 610 gpm,

The propertics of our a-SiN:H/a-5i:H interface were
previously studied using x-ray photoelectron spectroscopy
(XPS). "™ We showed that the interface obtained between
near stoichiometric a-SiN,:H (x=1.4) and a-Si:H was
atomicilly abrupt since subnitride components constituted
less than 1% of the interface bonds, The valence-band
affset for this interface was also oblained by following an
unalysis of the XPS valence-band spectra similar Lo that
proposed by Igbal er al.”' The measured vilence-band
offset of 1.3 eV is consistent with values previously pub-
lished for an a-Si:H/a-SiN,;H interface,*"** From the
band gap of the bulk materials, the conduction-band offsel
was estimated to be 2.0 eV, The mobilily edge variation
estimated from these measurements is also shown in Fig,
1.

The 7-V characteristics of the SB and DB structures
are shown in Fig. 2 for 295 and 77 K. The applied bias
corresponds to-a positive voltage to the Au/Ti top contactl.
The opposite polarity consistently showed lower currents
and less structure in the [~V curves. For this polarity, the
electrons are injected into the a T-type a-SizH via the Ti
contact which acts as a poor reverse-hiased Schottky bar-
rier. We have verified that all measurcments are unaf-
fected by changes in voltage scanning speeds from 10 to
100 mV/s. As compared to the scan speeds used by
Carrefio et al.,"” these scan speeds correspond to the very
low-frequency regime where capacitive effects are very
small.

From Fig. 2. we see that the 295 K f-V curves of the SB
and DB structures present no important features, The
77 K -V curves show a rapid increase at low V(¥ <0.1)
and a more gradual rise for larger voltages which might
suggest the presence of a bump in the /-V curve close Lo
0.1 V. Miyazaki, Ihara, and Hirose'’ associated a similar
bump at low applied voltages to a resonant-tunncling pro-
cess through the first quantized level of the well layer.
However, it is highly unlikely that this bump near 0.1 Vin
the #-¥ curves of our samples can be altributed to a
resonant-tunneling process since it is seen in almost all /-
I curves of both SB and DB structures. We propose that
this hump can be explained by a transition [rom a fow-
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FIG. 2. Curremt=voliage churacteristics of {a) two SB and (b)
fwo DB structures measured at 295 K (dashed lines) and 77 K
(solid lines), The arrows indicate the current bump positions,

field conduction mechanism (ie., space-charge-limited
current with £ ¥7*) 1o a high-field li.e, high-field hop-
ping with J e explypF*), @=0.5] conduction mechanism.

The low-field transport mechanism in insulating matern-
al'is known to exhibit ohmic behavior (J e« V) at very low
clectric fields with an onset of space-charge-limited con-
duction at a critical field”* of typically 10°-10* V/em. In
comparison, the field across the thin insulating layer
(~80 A) of our SB structures is —10° V/cm at an ap-
plied voltage of 0.1 V. Therefore. space-charge-limited
currents should predominate at these low applied voltages.

As the field is increased. the transition probability be-
tween localized states is increased duc to clectric field
heating of the localized electron. Furthermore, unocou-
pied states of higher energy are lowered by the field and
can participate in the hopping conduction. Movaghar,
Yelon, and Meunier™ have shown that this kind of high-
field transport leads to a field dependence of exp{yF”)
with o ~0.5 for many different types of density of state
distributions {e.g., constant, power law, exponential). As
shown in Fig. 3, the fit using the ¥ dependence (space-
charge-limited) and the explyF”) dependence (high-field
hopping transport) reproduces quite well the general be-
havior of the f-V characienstic of the 3B structure
presented in Fig. 2. The hest fit was obtained using
a=0.45,
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FIG. 1. Fit tsolid line) af the SB1 7-F characteristic (poims)
at 77 K with o multiple-hopping model at high applied voltage
and u spuce-charge-limited model at low applied valtage.

Since happing conduction dominates at high helds, the
fine detail in the high-field region of the [-F curve
(V> 0.2 V) will be very sensitive to the density of the lo-
calized stutes in the barrier region as well as the density of
interface states at the @-SiH/a-SiN:H interface, A
strong energy dependence of these gap-stute densitics will
produce structure in the [+ characteristics. Robertson
and Powell ™ have shown that the Si dangling-bond distri-
bution in a-SiN,:H lies aboul 2 ¢V below the maobility
edge of the conduction band. The density of the dan-
gling-bond states is quite large in @-SiNH (e, ~10"
em '), In order to account for the current bump at 0.5 V|
in the SB structure of Fig. 20a), the distribution of Si
dungling-bond states should be located at about 0.25 eV
above the Fermi level, which corrésponds to —1.75 eV
below £, of a-SiN,:H (see Fig. 1) and is consistent with
the value published by Robertson and Powell.™ 1o addi-
tion 1o the Si dangling-bond distribution within the a-
SiN,:H barrier, the a-Si:H/a-SiN,:H interface states
might also contribute to current bumps in the -V charae-
teristic.

The 7-¥ curve of the DB structure [Fig. 2(b)] has
current bumps at (L07 and 0.2 V. Since current bumps
are observed in both SB and DB structures; it is unlikely
that these bumps result from a resonant-tunneling pro-
cess. As for the SB structure, the first bump can be ex-
plained by the transition from a space-charge-limited con-
duction regime to a high-field hopping mechanism. The
additional bump at 0.2 V is likely caused by the energy
dependence in the density of localized states in the barrier
regions {Si dangling-bond distribution) or in the distribu-
tion of interface: states at both a-SiiH/a-SiN:H inter-
faces.

For each structure (SB and DB} in Fig. 2, two mesas
are presented which have been fabricated from the same
sample and simultaneously submitted to the same process-
ing steps. Yet, one mesa gives a current about 10 times
lower. This variation in the current from otherwise identi-
cal mesas was observed on several samples. The presence
of microchannels of a small cross-sectional area (<1
pm?) could explain these large variations in the current,
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Microchannels have been proposed by Arce, Ley, and
Hundhausen®® to explain the occurrence of random tele-
graphic noise in large area (0.25 mm?) 4-Si:H/a-SiN,:H
DB structures, Since these microchannels carry large
current densitics, @ Auctuation in the density of these mi-
crochannels along the surface of the sample could explain
the lurge variations in current observed [rom otherwise
identical mesas. Interestingly, Arce, Ley, and Hund-
hausen®® also studied the /-V characteristics of their DB
structures and did not observe any current bumps which
could be associated (o a quantum size effect.

In conclusion, we explain the current bumps in the -V
charaeteristics of SB and DB a-SitH/a-SiN,:H structures
with a combination of transport mechanisms which do not
rely on quantum confinement within the a-5i:H well layer
of the DB structure. We propose that the first current
bump is simply a transition from a low-field (space-
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charge-limited) transport mechanism to a high-field
(multiple-hopping) transport mechanism. Since hopping
transport increases with the density of hopping sites (ie.,
localized states), the additional bumps can be associated
1o the encrgy dependence of the density of localized states
in the a-SiN,'H and to the interface state energy distribu-
tion. The a-SiN,:H layer is known to have a large Si
dangling-bond distribution at —2.0 eV below the con-
duction-band mobility edge which could explain the cur-
rent bumps observed in the 7-¥ characteristic.
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