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Abstract—Characteristics of n-channel MOSFET’s fabri-
cated in cold cathode electron-beam-recrystallized silicon-on-
oxide layers have been examined. Assorted crystallographic de-
fects exist in the recrystallized silicon layer ranging from highly
branched subgrain boundaries to widely spaced parallel
subgrains and rows of threading dislocations. Some of these
MOSFET transistors have characteristics ap!)roaching those
fabricated in bulk silicon including =~ 828-cm*/V - s electron
surface mobilities and 130-mV /decade inverse subthreshold
slopes. However, many of the devices tested exhibited leakage
currents up to 107® A /um, resulting in high inverse subthres-
hold slopes and reduced threshold voltages. Some ef-
fects of crystal imperfections on device behavior are discussed.

I. INTRODUCTION

ILICON-ON-INSULATOR (SOI) films provide the

possibility of producing MOSFET circuits with in-
creased speed, latch-up immunity, improved radiation
hardness, and three-dimensional circuitry [1], while re-
taining the benefits of highly developed bulk silicon pro-
cessing. Recently, optical waveguides [2] that are verti-
cally integrated [3] have also been achieved using SOI.
Each of the leading SOI techniques, such as Separation
by the IMplantation of OXygen (SIMOX) and Zone Melt
Recrystallization (ZMR), have had their own set of ma-
terials limitations. SIMOX layers, for instance, have been
plagued by metal impurities, oxide precipitates, and a high
density of defects at the SOI/isolation oxide interface. In
addition, SIMOX wafers are expensive due to the high-
power oxygen implanter employed requiring a major cap-
ital equipment upgrade to scale with each increase in wafer
diameter. Alternatively, the ZMR technique produces SOI
films by employing manufacturing equipment of signifi-
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cantly lower cost. However, ZMR SOI material is plagued
by high densities of crystalline defects which form grain
and subgrain boundaries. Progress in the elimination of
these defects during the ZMR process has been made in
the last few years including reduction of subgrain bound-
ary branching, increased subgrain boundary spacing, and
reduction in defect density within the subgrain bound-
aries. Research into the elimination of these defects and
analysis of their effect on transistor characteristics is still
ongoing.

We have been investigating a cold cathode line-source
electron beam as the heat source in a ZMR technique for
achieving SOI films [4], [S]. The cold-cathode electron
gun utilized has the ability to generate a high current (0.7
A), low voltage (1 to 5 kV) [6], narrow width (approxi-
mately 2 mm full width at one half maximum) electron
beam [7], which can be easily scaled in length to greater
than 20 cm. The cold-cathode electron beam requires only
soft vacuum (0.5 torr) for operation, unlike hot-filament
electron sources previously investigated for ZMR where
high vacuum (< 1078 torr) systems are required [8]. Thus
the scalability and the operating conditions of the cold-
cathode electron-beam source may allow the production
of SOI wafers at a low cost.

The crystallographic quality [9] and electrical transport
properties [10] of electron-beam ZMR SOI material have
been examined previously. Herein, we discuss character-
istics of enhancement-type n-channel MOSFET’s fabri-
cated in electron-beam-recrystallized SOI material. The
best transistors examined exhibit values of majority-car-
rier surface mobility, inverse subthreshold slope, and
leakage current comparable to those for bulk silicon
n-channel MOSFET’s. However, the present transistor
performance characteristics, especially the off-state leak-
age current, vary from device to device across a typical
electron-beam-recrystallized SOI wafer and as yet do not
meet VLSI device requirements.

II. RECRYSTALLIZATION CONDITIONS
The SOI wafers examined here are created with 10-cm-
diameter, (100)-oriented, 650-um-thick, 1~ to 10-Q - cm,
electronic-grade silicon wafers as the substrate. Each SOI
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wafer has a starting structure consisting of a 2-um-thick
thermally grown SiO, isolation layer and a 1-um-thick
overlayer of LPCVD polysilicon. A 1-um SOI layer
thickness is employed here because of the difficulty in re-
crystallizing thinner films with our present experimental
apparatus, presumably due to the increased thermal gra-
dient induced in thinner films. Control of the lateral ther-
mal gradient has been shown to be a critical parameter
determining the resulting crystalline quality of a recrys-
tallized SOI layer [9]. Although a thinner SOI layer would
insure device isolation while enhancing performance by
accessing the fully depleted mode and would be a goal of
further studies, these 1-um films are useful to provide data
on the SOI layers’ electronic properties.

Carbon is implanted into the overlying polysilicon film
with a dose of 10'"° cm™2 at 75 keV to act as a wetting
agent during electron-beam ZMR. Following the implant,
we deposit a 2-pm-thick LPCVD SiO, film to act as an
encapsulation layer [11]. Both the carbon implant and the
encapsulation layer prevent the silicon film from agglom-
erating during recrystallization. A secondary ion mass
spectroscopy depth profile taken after recrystallization in-
dicates impurity concentrations of carbon at 5 X 10'®
cm™? and oxygen at 4 x 10" cm~? exist throughout the
SOI layer.

The wafer is oriented on a substrate heater/translation
stage with its primary [110] flat at a 45° angle with re-
spect to the linear electron beam in order to reduce wafer
warpage during recrystallization. An array of tungsten
halogen lamps raises the background temperature of the
wafer to approximately 1250°C prior to ZMR. The start-
ing wafer is then recrystallized in a single pass under the
14-cm-long line-source electron beam at a scan rate of 0.5
mm /s. Although seeding of the overlying Si layer to the
underlying single-crystal (100)-oriented Si substrate is not
employed, the resulting recrystallized SOI layer has pre-
dominately a (100) texture as observed previously [9],
[12]. Following ZMR, the wafers are typically macro-
scopically warped with a deviation of up to 100 pm across
the wafer diameter due to thermal stress induced by non-
uniform heating during the ZMR process (this warpage
* has been reduced to less than 50 um for subsequent device
fabrication by backlapping the wafer). The warpage could
be further decreased in the future by increasing the uni-
formity of the background and linear heat sources and by
reducing thermal gradients by variation in ZMR process
parameters. Thus small-geometry lithography which is
precluded by the present extent of warpage may be real-
ized in the future. Slight deviations in the thermal gra-
dient at the trailing edge of the molten zone thermally
induces stress in the solidifying silicon which is relieved
by the formation of subgrain boundaries consisting of
densely packed line defects. These subgrain boundaries
disrupt the single-crystal nature of the film as they run
nearly parallel to the recrystallization scan direction with
30- to 100-um spacings and vary in type across the wafer
from chevron branched boundaries (with planar devia-
tions of <1°) to rows of discontinuous boundaries (con-
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sisting of arrays of discrete threading dislocations with
planar deviations =0.2° and spacing parallel to the
boundary of 1 um). We have previously reported these
phenomena for SOI films produced by electron-beam
ZMR [5], [8], [9] as have others for other ZMR tech-
niques [12], [13]. It is uncertain how these subgrain
boundaries will affect the electrical transport properties of
these SOI layers. It has been suggested that subgrain
boundaries present a potential barrier to carrier transport
resulting in higher resistance perpendicular to the bound-
ary relative to that in a parallel direction [14]. Addition-
ally, a given residual stress has shown to enhance trans-
port of one carrier type and to decrease that of the other
carrier type, although this is a negligible effect for the
stresses found in ZMR SOI films when the substrate is
silicon [15].

III. DEVICE PROCESSING

Hewlett-Packard’s Instrument Division (Loveland, CO)
processed the electron-beam ZMR SOI wafers as part of
a bulk silicon commercial lot. The transistor characteris-
tics presented below come from 12 test pattern areas on
these wafers. Each test strip contained 8 n-channel MOS-
FET transistors with width-length (W /L) aspect ratios of
40/40, 40/5, 40/4, 40/3, 20/4, 5/20, 4/40, and
5/40, where all these dimensions are in micrometers. The
source and drain regions of the NMOS devices are heavily
doped n-type, while the channel is doped p-type with 2.2
x 10'"" ¢cm~? boron ions at 75 keV. The gate dielectric is
750 A of thermally grown SiO, and the gate interconnect
is deposited polysilicon. The field oxide extends nearly
but not completely through the SOI layer leaving approx-
imately 1000 A of silicon under the field oxide. All pro-
cess steps during the fabrication of the NMOSFET’s are
exactly those used in the processing of bulk Si, that is, no
special precautions or added steps have been incorporated
to optimize the process for the SOI wafers. A depiction
of the devices in this test strip is shown in Fig. 1.

SOI material recrystallized under similar electron-beam
ZMR conditions has been characterized previously by Hall
effect and four-point resistivity measurements at room
temperature to be n-type with less than 10'? carriers /cm’
with 10* Q + cm bulk resistivity. For low-temperature Hall
measurements, the ZMR SOI film was implanted with 10"
phosphorus ions / cm? at 60 keV and subsequently an-
nealed to achieve a uniform doping of 10'® atoms/cm®
through the SOI layer. The room-temperature Hall mo-
bility of majority carriers (electrons) for the phosphorus-
doped films was measured to be 900 cm?®/V - s which is
approximately two-thirds that of bulk Si for a similar dop-
ing density [10].

IV. TRANSISTOR CHARACTERISTICS

Initial characterization of the SOI NMOS transistors in-
clude measurements of I, (V. V,,) characteristics, where
the body of the SOI film is left floating, the source elec-
trode is set to O V, and I, V,,, and V,, are measured as
shown in Fig. 1 using an HP4145 semiconductor param-
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Fig. 1. NMOS ZMR SOI transistor.

eter analyzer connected to a probe station located in a
light-tight box. The body of the SOI film in each of these
measurements is left floating. Parameters extracted from
these scans include the off-state drain-to-source leakage
current (I;), the threshold voltage (V;), the effective elec-
tron surface carrier mobility (u,), and the inverse
subthreshold slope (§). The value of V, is evaluated ex-
perimentally via (1) and theoretically calculated via (2),
while u, is evaluated experimentally via (3).

Iy = CW/2L)(V,, — V) (A)

(Experimental) ¢))
V, = 2|¢,| + qQ,/Ci + (2egN.2|8,)'/?/C; (V)
(Theoretical) 2)
- L 2y
Bn = (AIds/AVgs) WC,'Vd_, (cm /V S) (3)

where ¢, is the permittivity of silicon, N, is the doping
density of the channel, ¢, is the Fermi potential, C; is the
gate-insulator capacitance, and Q; is a collective term
containing any interface-trap densities of fixed oxide
charges. The values of S and I; are extracted directly from
the parametric data as discussed below. In addition, char-
acteristics of the n*-p junctions (drain-to-body and source-
to-body junctions) have been examined under both for-
ward and reverse bias to determine the origin of the ex-
cessively high leakage currents found in many of the de-
vices.

I, versus V;, curves for a typical electron-beam-recrys-
tallized SOI NMOS transistor are shown in Fig. 2, where
V,s is increased from 0 to 4 V in 1-V steps. Note that the
SOI layer is not fully depleted, as indicated by the char-
acteristic kink in the I,,~V,, curves. The kink is associated
with the floating-body effect which is common for non-
fully depleted SOI MOSFET’s [16]. Although it has been
observed that the kink can be eliminated, and the inverse
subthreshold slope can be decreased in fully depleted SOI
transistors [17], no attempt was made to thin the 1-um
SOI layer during the NMOS device fabrication.

The intercept on the V,, axis of a straight-line tangent
to the steepest linear region of an I}/? versus Vs plot,
where V, is set equal to V,, throughout the measurement
range, is used to experimentally determine the threshold
voltage V, of the devices according to (1) [18]. The
threshold voltage (V, = 1.2 V) found experimentally from
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Fig. 2. I, versus ¥V, curves for a typical electron-beam-recrystallized SOI
NMOS transistor, where V, is increased from 0 to 4 V in 1-V steps, W =
40 pm, L = 3 pm.

the intercept in this way for the device of Fig. 2 compares
well to the theoretical value of 1.1 V calculated according
to (2) with Q; equal to zero. A value for Q; of —1.8 X
10'° cm™2 in (2), typical for this process line, adjusts the
theoretical value of V, to the experimental one (the inter-
cept value). The channel doping density used to calculate
the Fermi level in these calculations is 9.7 X 10" cm™>
as estimated from the dose (2.2 X 10! cm™?) divided by
the projected range (0.225 um) expected from implanta-
tion of boron ions into Si at 75 keV.

Plots of I;; versus Vy, with V,, = 1, 3, and 5V for the
device whose I~V characteristics are given in Fig. 2
are found in Fig. 3. The inverse subthreshold slope (S)
of the device is determined to be 130 mV /decade from
the reciprocal of the slope of the curves in Fig. 3 as la-
beled. The magnitude of the off-stage leakage current, also
obtained from Fig. 3 with V,, =0V and V;, = 1 V, was
1 pA which is at the noise limit of our measurement ap-
paratus. The off-state leakage current remains constant for
increasingly negative values of V, but rises with increas-
ing VdS' ’

A significant number of the devices tested have higher
off-state leakage currents than the device of Figs. 2 and
3. The leakage current for these devices is determined by
the value of the current I, flowing at V,; = 0 V and Vy
= 1V as shown in Fig. 3. Fig. 4 displays the number of
devices for all devices probed exhibiting leakage current
normalized to W at each order of magnitude ranging from
107" to 107° A /pm. The devices with high leakage cur-
rents also exhibit degraded performance in terms of in-
creased inverse subthreshold slopes and reduced V, values
as shown in Figs. 5 and 6, respectively. When the devices
are more and more nonideal (due to high leakage currents)
the calculations of V,, S, and pu, tend to lose their meaning
but Figs. 5 and 6 do depict at what magnitude of leakage
current and to what extent these devices become nonideal.
Fig. 5 plots the inverse subthreshold slope versus the nor-
malized leakage current measured as shown in Fig. 3 with
a constant V,, of 1 V and shows that the inverse subthresh-
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Fig. 3. Plots of log I, versus V,, with V,; = 1,3, and 5 V for the device
of Fig. 2.
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Fig. 5. Plot of log inverse subthreshold slope versus log leakage current
normalized to W for a constant ¥, of 1 V.

old slope remains less than 200 mV /decade when leakage
currents are below 10™° A /um. The inverse subthreshold
slope increases dramatically to greater than 200
mV /decade when leakage current rises above 107°
A/pm. Similarly, Fig. 6, a semi-log plot of V; versus
leakage current normalized to W and found using the in-
tercept technique shows that the value of V, is independent
of leakage current with a mean and standard deviation of
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Fig. 6. A plot of measured V, versus log leakage current, normalized
to W.

1.2 + 0.5 V when leakage currents are below approxi-
mately 10”% A /um. The experimental value of V, de-
creases monotonically to negative values when the leak-
age current increases above 1078 A /pum.

The excessively large off-state leakage current cannot
be accounted for by leakage through the gate oxide, since
the gate current (I,) remains well below that of I
throughout the I;—V,, scan; for example, a device with
an /,; leakage current of 8 X 107® A /pm has an I, leak-
age current of <1 pA (at our noise limit). The leakage is
also not due to a ‘‘short-channel’’ effect since the leakage
current is independent of channel length for the devices
studied here. Thus to better determine the origin of the
off-state leakage current, temperature and voltage depen-
dencies of the current flow (I;;) through the drain-to-body
and source-to-body n*-p junctions of devices exhibiting
various leakage currents have been investigated.

Fig. 7 compares junction current flow under reverse-
bias conditions (i.e., Vi < 5V, V,; = 0V) for devices
with high (107%-A /um) and low (10™"°-A /pm) leakage
currents. The drain-to-body (source grounded) reverse-
bias current (J,) for the device with high I; has a signifi-
cantly stronger reverse-bias dependence and a lesser for-
ward-bias dependence than does the device with low I;.
No significant differences could be determined in the val-
ues of I, measured either between drain-to-body or source-
to-body by switching the ground contact.

The temperature dependence of I, is measured for the
devices of Fig. 7 by monitoring the value of I, as the
temperature of the device is increased from 25°C to 250°C
with V, = 1 V and V,; = 0 V as shown in the semi-log
plots of current density versus 1/T in Fig. 8. Activation
energies (E,) have been calculated from the slope of the
linear region of the Arrhenius plots of Fig. 8 for both a
high-leakage and a low-leakage device. The high-leakage
device whose characteristics are plotted in Fig. 8 has an
I, which is relatively insensitive to changes in temperature
with an E, of 0.2 eV. The leaky devices do not, however,
appear to have a singular E, value as another device with
a leakage current of approximately 1 X 1078 A /pm ex-
hibited an E, of 0.63 eV. For devices with low leakage,
I, varies significantly with temperature and has a discrete
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E, of approximately 0.97 eV (close to that expected for
band-to-band transitions in Si).

The effective electron surface mobility as determined
from values of an I, versus V,, curve with V; = 0.1V
via 3) for the device of Fig. 2 exhibits a peak mobility
value of 898 cm?/V - s. The peak mobility value for a
higher leakage current device is 697 cm®/V - s. This dis-
crepancy cannot be accounted for solely by utilizing an
effective gate length (L.g) in (3), where L. is the mask
gate length L reduced by a AL due to encroachment into
the channel region during pattern definition of the source
and drain regions. Following the Terada and Muta method
[19] as suggested by Ng and Brews [20], we estimated a
reduction in channel length (AL) from the mask channel
length (L) for the devices discussed to be 0.225 um by
comparing the value of 1,,/V; at different values of V,
in the linear region. By substituting the effective channel
length (L.g = L — AL) into (3) for the mask channel
length, the mobility is theoretically decreased only slightly
for the low leakage device of Fig. 2 (L = 3 pym, Ly =
2.7 pm) to 825 cm?/V - s which is still higher than 697
cm?/V - s calculated for the high-leakage device (L =
40 pm, Lz = 39.7 um).
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V. INTERPRETATION OF RESULTS

Table I summarizes the characteristics of two typical
electron-beam ZMR SOI NMOS devices exhibiting dif-
ferent leakage currents. Appropriate values for a bulk sil-
icon NMOS transistor are also listed in Table I. It is ap-
parent that high leakage current significantly degrades the
transistor turn-on characteristics. Since the source of the
leakage current is not the gate oxide, the drain-to-body
and source-to-body n*-p junctions are suspect. Possible
mechanisms which could explain the high leakage current
are discussed next.

The drain-to-body (source grounded) /, for a leaky de-
vice has a strong dependence on V, suggesting that gen-
eration of carriers within the space-charge region domi-
nates over diffusion current from the body. Leakage
current is independent of channel length which rules out
a space-charge-limited current-flow mechanism. The re-
verse-bias leakage current for a highly leaky device is not
strongly dependent upon temperature with a activation en-
ergy of 0.2 eV. Thus the leakage current is probably not
associated with the thermal emission of carriers from me-
tallic impurities whose energy states are discrete and lie
deeper in the bandgap than 0.2 eV (e.g., Cr = 0.41 €V,
Fe = 0.51 eV) [18]. Both field emission [21] and therm-
ionic field emission [22] of trapped charge from grain
boundaries has explained leakage currents exhibited in
polysilicon MOSFET’s. Thermionic field emission could
be the dominant mechanism creating the excessive leak-
age current values exhibited by many of the ZMR SOI
MOSFET’s examined here as it is consistent with the sig-
nificant dependence on reverse bias of I, for the leaky de-
vices and with the varied dependence upon temperature.

It has been shown previously that the crystallographic
quality of the electron-beam ZMR SOI material is dis-
rupted by subgrain boundaries. These boundaries are ori-
ented at a 45° angle with respect to the MOSFET’s and
have a characteristic spacing ranging from 20 to 100 pm.
The spacing depends upon the recrystallization conditions
but the precise subgrain boundary location is uncontrolled
in these SOI wafers. Thus because our MOSFET’s have
dimensions on the order of the boundary spacing, it is
expected that many devices intersect one or more bound-
aries somewhere within the channel region. The subgrain
boundaries can be observed optically via Nomarski dif-
ferential contrast microscopy in regions of the wafer where
the field oxide is exposed. A correlation between the num-
ber of subgrain boundaries crossing a MOSFET and the
magnitude of the devices’ leakage current has been at-
tempted but was inconclusive. Even if each subgrain
boundary could be accounted for, optical microscopy can-
not quantify the planar deviation and density of defects
within the boundaries which must ultimately determine
the effect on the leakage current. Also impurities such as
carbon, which are known to be present, may segregate
into the defective subgrain boundaries which could also
affect the leakage current. We therefore conclude that the
leakage current is due to the defects and impurities lying
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TABLE I
SUMMARY OF THE CHARACTERISTICS OF Two TypicAL ELECTRON-BEAM ZMR SOI DEVICES (ONE WITH
HiGH AND ONE WITH Low OFE-STATE LEAKAGE CURRENT) TOGETHER WITH APPROPRIATE VALUES FOR A
BuLK SILICON NMOS TRANSISTOR

I v, Q, S E, Bn
Device (A/um) V) #/cm?) (mV /dec) V) (em?/V - s)
SOI 8 x 1078 0.6 +1.4 x 10" 1620 0.2 693
SOI <1 x 1072 1.2 —1.8 x 10" 131 0.9 823
BULK <1x 107" 0.8 <+1 x 10%° 120 1.1 1200

within these subgrain boundaries and we expect a higher
yield of idealistic devices if both the crystallographic
quality can be improved in uniformity across the wafer
and the impurity concentration can be reduced.

VI. CoNcCLUSIONS

NMOSFET’s have been fabricated in electron-beam-
recrystallized SOI layers and their electrical characteris-
tics have been examined. Despite the immaturity of the
electron-beam recrystallization method, the effective mo-
bility and subthreshold slope for some devices approach
those of bulk Si. More work is required to reduce impur-
ities especially carbon. Defect levels appear to be degrad-
ing the devices’ leakage currents causing undesired shifts
in V, and increasing the inverse subthreshold slope.
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