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Abstract

Thin film transistors (TFTs) with lateral channels are limited in current
density due to the design rule. For many applications with improved
integration, the introduction of vertical channels reduces channel lengths
while increasing current density per unit surface area. In previous works,
vertical TFTs have been designed and manufactured using low-

temperature polycrystalline silicon technology (T<600°C), with a solid



phase crystallization (SPC) based process. In this case, the introduction of
an insulating layer between source and drain films has resulted in a
significant improvement in the electrical characteristics, mainly in the
On/Off state current (I,,/I,¢) ratio. However, the active layer is deposited
on the sidewalls obtained by plasma etching, and the etching process
results in morphological defects on the sidewalls that adversely affect the
electrical characteristics. The purpose of this paper is to understand the
origin and effects of these defects using different models. Thus, the transfer
characteristics are analyzed in detail, with Suzuki method to calculate the
density of states, while subthreshold slope method and Griinewald method
are adopted to verify the Suzuki method for the deep and shallow trap
densities, respectively. These methods provide an approach for DOS

calculation independent of temperature-related measurement.
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1. Introduction

Polycrystalline silicon thin-film transistors (TFTs) are generic
components of large-surface electronics made on low-temperature
substrates such as glass and, more recently, plastics, polymers and even

paper. They have met the needs of various fields, for example, by being



used in radio frequency identification (RFID) tags [1], random access
memories (RAM) [2], flat panel displays [3], and more particularly active
matrix flat panel displays involving either liquid crystals (AMLCD [4]) or
organic light emitting diodes (AMOLED [5]). For these applications, one
of the objectives is to produce a high current density at the pixel level that
can be obtained either by shortening the channel length of conventional
TFTs with parallel conduction to the substrate surface, or by modifying the
architecture with vertical conduction. Thus, vertical TFTs have been
proposed, in which the source and drain are positioned on the top and at
the bottom of the transistor, respectively, and the channel length is defined
by the film thickness between the source and drain regions, regardless of
the design rule [6]. As a result, the vertical TFT architecture can provide
an ultra-short channel length, which theoretically allows a much higher
current density. In our previous work, we designed and manufactured a
vertical TFT by stacking three layers of in situ deposited polycrystalline
silicon, as shown in figure 1(a), for which a high drain-source current for
the on-state (I,,) of about 0.3 mA is obtained, but with a high off-current
(Io¢r) measured at the minimum value (about 0.3 pA), which provides an
Iow/Ioge ratio of about 1000. This relatively low ratio is due to the large
overlapping area of the source and drain, which limits its potential
applications [7]. In order to avoid this phenomenon, a second architecture

was proposed with an insulating thin film between source and drain films



and with parallel channels deposited on the sidewalls (see figure 1(b)). The
length of the channel remains the same but the conduction in the
overlapping area of source and drain is considerably decreased. However,
in this case there is a modification of the nature of the sidewalls underneath
the channel due the stacking of source layer, undoped polysilicon layer,
barrier layer, and drain layer. Because the etching rate is not the same for
these materials, the interface between channel polycrystalline Si layer and
the quasi-vertical sidewalls is not homogeneous with some roughness. The
electrical behavior is thus different from the case of a lateral TFT.

Silicon dioxide (SiO,) or silicon nitride (Si;N,) insulators were adopted
as the barrier layer between source and drain, and considering the high
etching selectivity between barrier layer and the polycrystalline silicon
layer, a thin Si0,/Si;Ny layer is appropriate. On the other hand, in order to
minimize the short channel effects, the channel length can be moderately
increased with the presence of an undoped polycrystalline Si layer for
which the thickness is well controlled. After optimization of the process,
by involving SiO,, the barrier layer between source and drain incorporates
a 100 nm SiO, layer with a 1 um undoped polycrystalline Si (figure 1(c)).
By involving Si;Ny, the barrier layer incorporates a 200 nm Si;Ny4 layer
with a 1pm undoped polycrystalline Si layer (figure 1(d)). It is noteworthy
that a thicker Si3N, insulating layer in comparison to SiO, guarantees the

good insulating property of the Si3N, layer deposited by low temperature



chemical vapor deposition (LPCVD) method, which does not greatly affect
the electrical characteristics of the fabricated devices. Even though SiO, or
Si3Ny layers films are very thin, the sidewalls still undergo high roughness
and create high density of seed sites for polycrystalline silicon active layer
deposition that adversely affects the electrical properties, mainly the
transconductance, the on-state and off-state currents.

The fabrication process of the vertical TFT is listed as follows. After a
basic RCA cleaning of the substrates, a thick SiO, buffer layer of 500 nm
is deposited by atmospheric pressure chemical vapor deposition (APCVD)
at 420°C. Then, different layers are deposited, in the sequence of a thick
N-type in situ heavily-doped polycrystalline Si layer by LPCVD, a 100 nm
Si0, layer by APCVD or a 200 nm Si3N, layer by LPCVD, a 1 um undoped
polycrystalline Si layer, and finally another N-type in situ heavily-doped
polycrystalline Si layer by LPCVD. Two reactive ion etching (RIE) steps
are then carried out to define the multi-tooth configuration as well as form
the sidewalls, and to discriminate the source and drain regions. Note that,
the source and drain regions are discriminated by a partial etching until
reaching the bottom N-type heavily-doped polycrystalline Si layer by the
aid of a laser interferometer measurement. Afterwards, an undoped
polycrystalline Si layer is deposited and patterned by the third RIE step,
which forms a channel at each sidewall. Prior to the gate oxide layer

deposition, an essential RCA cleaning is carried out to eliminate most of



the defects at the surface of the active layer. In sequence, a 70 nm gate
oxide layer is deposited by APCVD and densified at 600°C for 12 hours to
eliminate most defects in the gate oxide, and the gate oxide layer is
patterned by the fourth mask to show contact holes for source and drain.
Finally, a thick aluminum layer is deposited by thermal evaporation,
patterned by a fifth mask and a wet etching process to define source, drain
and gate electrodes. The electrical characterization is carried out by an
Agilent B1500 semiconductor parameter analyzer in ambient air.

The fabricated device configuration is shown in figure 1(e), which
demonstrates a typical four-tooth structure, and therefore eight channels
are formed on the sidewalls. The typical measurement is based on drain-
on-top configuration, while the source-on-top configuration shows nearly
the same electrical characteristics, demonstrating the symmetry of the
fabricated structure. Figure 1(c) and 1(d) show the sidewalls based on the
100 nm Si10, or 200 nm Si3N, barrier layer, respectively. Due to the higher
etching selectivity between SiO, and polycrystalline Si, higher roughness
is obtained for the sidewall with SiO, barrier layer, in contrast, the lower
etching selectivity between SizN, and polycrystalline Si enables a much
flatter sidewall, even though there is a recess at the barrier layer for both
cases. Predicted by the sidewall roughness, which can greatly affect the
grain nucleation, the device with Siz;N, barrier enables better electrical

characteristics. In the following, a simplified model is expected to explain



this behavior.

2. Results and Discussions

The transfer characteristics of the typical vertical TFTs are shown in
figure 2(a) and 2(b), where different drain-source voltages are adopted
corresponding to the linear regime. Note that, from output characteristics
measurement, a kink region is also observed [8]. The kink effect is due to
the short channel length. Indeed, the large electric field at the drain side
accelerate the carriers in the channel that collide with the crystal lattice in
the pinch-off region to generate extra electron-hole pairs. This adverse
effect can be attenuated either by a lightly doped drain structure (LDD) or
by an extension of the channel length. Derived from the transfer
characteristic curves, the high on/off current ratio reaches about 10° for
Si0, gate insulator, while for the Si;N4 barrier layer device, the current
ratio is higher and reaches about 10 for lower drain-source voltages (10
mV and 100 mV). When increasing the drain-source voltages, the on-
current increases proportionally, where the off-current increases
superproportionally, which brings about a reduced current ratio. The
deduced on/off current ratio 1,,/I ¢, transconductance g, threshold voltage
Vi, subthreshold slope SS, and field effect mobility pgg, from each transfer
curve are shown in table 1. The threshold voltage Vy,, and the field effect

mobility prg are deduced from the transistor current formula in the linear



regime shown below:

WC. 1
Ids:%[(\és-\{h) \és_g\/(lizs] (1)

Where W/L are the channel width/length ratio, C; is the gate capacitance
per unit area, V,, and V, are the gate bias and the drain-source voltage,
respectively. Note that, in the calculation, the channel length is defined as
the total thickness of the barrier layer and the undoped polycrystalline Si
layer, which is approximately 1.1 pm for the device with 100 nm SiO; layer,
and approximately 1.2 um for the device with 200 nm Si3N, layer, and the
roughness of the sidewall does not greatly affect the channel length. The
transconductance g, is calculated from the slope of the transfer
characteristics in the linear coordinate, while the subthreshold slope SS is
calculated from the reciprocal of the slope in the subthreshold region of the
transfer characteristics in the semi-logarithm coordinate. Note that, due to
the high stability of the polycrystalline Si active layer in ambient air and
the high design rule precision in the fabrication process, the fabricated
device is highly reproducible, which can be verified from the relationship
between different devices with different channel width/length ratios [8].
Therefore, the electrical characteristics of the adopted devices are typical
and representative.

Three main remarks can be made, (1) for the threshold voltage Vy,, the
devices with SiO, barrier layer and with Si;N, barrier layer have

approximately the same threshold voltage of approximately 4 V, with a



slightly higher value for the device with Si;N, insulating layer that does
not greatly affect the electrical characteristics; (2) with regard to the
subthreshold slope SS, the device with SiO, barrier layer has a SS
comparable to that of the device with Si;N, barrier layer. For low drain-
source voltages, the SS of the device with the SiO, barrier layer is greater
than that of the device with the SizN, barrier layer, while for high drain
source voltage, the SS of the device with Si0, barrier layer is smaller than
that of the device with SizN, barrier layer; (3) the transconductance and the
field effect mobility of the device with SizN, barrier layer are greater than
that of the device with SiO, barrier layer.

The first point indicates similar defects or impurities density in the
vertical devices, while the second point indicates similar deep trap
densities in the two types of vertical TFTs. In contrast, the third point
indicates a higher shallow trap density in TFT with SiO, barrier layer, in
which carriers must fill the shallow traps, knowing that the remaining
untrapped carriers contribute to field effect mobility.

It is also noteworthy that, for the short channel device, the access
resistance contributes more to the total resistance, therefore the access
resistance needs to be evaluated. Since transistors operate in the linear
regime, the access resistance can be deduced from the relationship between
Riota and 1/(Vg-Vin) as shown in Figure 2c¢. For the vertical TFT with Si3N,

barrier layer, the deduced access resistance is approximately 225 Q, and



the intrinsic field effect mobility is approximately 15.5 c¢cm?/V.s. For
reference, the access resistance of a typical lateral TFT is in the order of
100 Q, and the field effect mobility reaches in the best case 100 cm?/V:s
[9]. Therefore, the access resistance is not important for the vertical TFT
configuration, and comparatively, the lower mobility of vertical TFT is
more likely to be due to the low-quality grain nucleation of the active layer
on the rugged sidewall, which provides more grain boundaries. In order to
further prove that the access resistance does not greatly influence the
electrical parameters, such as the threshold voltage vy, a second-derivative
method is proposed to extract the threshold voltage vy, [10], supposing the
ideal condition that the subthreshold current is zero and the drain current
increases linearly with the gate bias when it is above the threshold voltage,
therefore, a critical transition of the second-derivative curve for the drain
current takes place at the threshold voltage. In practice, the critical
transition shows as a peak with broadened spreading, with the peak value
position corresponding to the threshold voltage vy,. Figure 2 (d) and 2 (e)
shows the second-derivative curve for the vertical TFTs with SiO, and
Si3Ny barrier layer, respectively, for both types of vertical TFTs, they show
the same threshold voltage vy, of approximately 4.4 V for a drain-source
voltage of 0.1 V, which is consistent with the calculation from the
conventional extrapolating method shown above, indicating the

independence of the electrical characteristics on the access resistance for



both types of vertical TFTs.

The bandgap density of states (DOS) was studied by the simple Suzuki
method [11], for which the transfer characteristics of the typical vertical
TFTs are studied and analyzed. From Poisson equation, the potential

bending of the surface space charge layer u(x) is defined by:

du(x) _ p(x)
dx? & (2)

a

Where ¢, is the dielectric constant of the polycrystalline Si, p(x) is the local
space charge density at x due to the local Fermi-level shift of eu(x). The

local space charge density is related to the gap state density distribution

N(E) by:

Ep
IO(X): (-e) L )N(E)dE (3)

-eu(x
where Er is the equilibrium Fermi-level, eu(x) is the band bending, and e
is the elementary charge.

The surface potential bending u, dependence with the gate voltage Vs

can be deduced from sheet conductance modulation 6G [10]:

oG ¢ d,
) :a.g.z(l/@—ubi—ua)/[exp(eua [ kT)—1] 4)

ou
where G, corresponds to the conductance at the flat-band condition, d, is
the channel thickness of polycrystalline Si (which is set to be 10 nm [12]),
& and g, are the relative permittivity of gate dielectric and the active layer

of polycrystalline Si respectively, d, and d; are the thickness of channel and

the gate dielectric layer respectively, and uy,; 1s approximately the flat-band



voltage. By iterative calculation, the relationship between u, and Vg can be
obtained.

Using this method, the bandgap DOS is calculated from the transfer
characteristics shown in Figure 3(a), which have been plotted for both
types of vertical transistors and for a lateral transistor as reference. Note
that, in order to show the similar drain-source electric field, a lower drain-
source voltage of 0.1 V is adopted for the vertical short-channel TFTs
(L=1pm), and a larger drain-source voltage of 1 V is adopted for the lateral
TFT (L=20 um). For the lateral TFT, as shown in table 1, the subthreshold
slope SS is approximately 0.87 V/dec, the threshold voltage Vg, is
approximately 3.7 V, the field effect mobility is approximately 81.1
cm?/V-s, and the smaller I in the order of 10 pA is assumed to be due to
the high-quality polycrystalline Si, especially in the increase of the average
grain size and decrease of the intragrain defect density [13]. The calculated
DOS for the vertical TFTs and the lateral TFT are plotted in figure 3(b).
From the DOS curves, four main comments can be made, (1) the larger Eg-
E shows higher DOS, which means the shallow trap density of states is
higher than the deep trap density of states; (2) for smaller Ex -E <0.25 eV,
the vertical TFTs with different barrier layers show nearly the same DOS
in the order of 10" eV-'.cm3, which proves nearly the same subthreshold
slope of the two kinds of vertical TFTs; (3) for larger Eg-E>0.25 eV, the

vertical TFT with Si3N, barrier layer shows a lower DOS, especially when



Er-E =0.4 eV, the DOS of the Si3N, barrier layer device decreases by one
decade compared to the DOS of the device with SiO, barrier layer, which
proves the greater field effect mobility of the device with SizN, barrier
layer reported in table 1; (4) the DOS for the lateral TFT is much smaller
than the DOS of the two vertical TFTs, in the smaller Ex-E zone, the DOS
is approximately 10'® eV-l.cm=, where for Eg-E =0.4 eV, the DOS is ten
times smaller than the DOS of vertical TFT with Si3N, barrier layer, and
one hundred times smaller than the DOS of vertical TFT with SiO, barrier
layer. Indeed, strained and dangling bonds correspond respectively to
shallow and deep traps, and two types of density distributions are taken
into account: exponential band tail states near the mobility edge and
Gaussian distribution with a maximum near the midgap [14]. From our
DOS calculation, the vertical TFT with SisN; shows smaller DOS in
comparison with the vertical TFT with SiO, barrier layer, and the lateral
TFT shows smaller DOS than vertical TFTs, indicating a smaller density
of strained bonds and dangling bonds, which is closely associated with the
density of the grain boundaries in polycrystalline Si active layer. In
addition, for the same DOS, the larger Eg-E for the lateral TFT in
comparison with vertical TFT indicates the closer of the tail states to the
mobility edge, which is beneficial for enlarging the field effect mobility.
In order to evaluate the DOS calculated from the Suzuki method shown

above, two extra methods are also proposed to show the DOS in the deep



trap regime and the shallow trap regime, respectively. The DOS in the deep
trap regime is calculated from the simple subthreshold slope method,
which adopts the relationship between the subthreshold slope and the deep
trap density, and the relationship between the surface potential u(x) and the

applied gate voltage Vs 1s shown below [15]:

SS = lnIOk—T Vs

q du,

)

Figure 4(a) and 4(b) shows comparisons of the DOS calculated from
the subthreshold slope method and the Suzuki method. Indeed, the DOS
calculated from the subthreshold slope method is relevant to the
subthreshold region that is approximately below the gate voltage of 4 V,
and it is found to be consistent with the DOS calculated from the Suzuki
method, indicating the accurate DOS distribution calculation. In addition,
the subthreshold slope method gives more details of DOS in this
subthreshold region. From this method, the DOS is calculated to range
from 5.9x10" eV-l.emto 1.59x10'° eV-l.cm™ in the forward subthreshold
region for vertical TFT with SiO, barrier layer, and this value is calculated
to range from 4.99x10% eV-l.cm to 1.89x10' eV-l.cm for the vertical
TFT with Si;N, barrier layer. Therefore, nearly the same deep trap density
is obtained again for the two kinds of vertical TFTs. However, with the
further increase of the charge density in the channel layer, the DOS from
the subthreshold slope method deviates from the DOS from Suzuki method.

Nevertheless, using the subthreshold slope method, the higher DOS of



vertical TFTs are demonstrated again in comparison to the DOS of lateral
TFT, as shown in figure 4(c).

In fact, the subthreshold slope is related to the synergistic effect of
the bulk traps and the interface traps, which can be expressed as follows

[16]:

2
SS= 1n10—(1+—(«/g N,. +qN.)) :lnlOk—T(1+%N|:|) (6)
q

Both of the deep bulk traps Ny, and the interface traps Njy
contribute to the trap density N. For vertical TFTs, the larger subthreshold
slope SS is due to the calculated trap density for the vertical TFT with SiO,
barrier layer, the vertical TFT with Si3N, barrier layer, and the lateral TFT
are 4.07x10'2 eV-l.cm?, 3.55x10'2 eV-'l.em?, and 2.97x10!2 eV-l.cm?,
respectively. Considering the accumulation layer thickness of
approximately 10 nm, the calculated volume trap density can only be
regarded as a rough estimate for the traps slightly above the Fermi energy.

The shallow DOS trap calculated from the Suzuki method is also
verified by the Griinewald method, for which a different relationship
between the surface potential u, and the applied gate voltage Ugs is
obtained [17]. The surface potential u, as a function of gate voltage Vs is

calculated as:

e 81 a Ugs ' '
T = ﬁ d I, [UGSI(UGS) - .[0 I(UGS )dUGS] (7)




Where I, is the current at flat band condition, Ugg and I(Ugs) is the gate
voltage relative to the flat band voltage, and the corresponding current.
As shown in Figures 5(a)-5(c), for a shallow trap density, these two
methods give almost the same DOS, the maximum DOS being in the order
of 10?2 ¢V-1.cm™ at the gate voltage of 25 V, which verifies the accuracy
of the Suzuki method. However, in the deep trap density zone, these two
methods show deviation, which might be due to the fluctuation of

accuracy for the deep states zone.

3. Conclusion

In conclusion, vertical TFTs were fabricated based on low-temperature
polycrystalline Si technology, involving two different barrier layers of
Si0, and Si3N, in order to minimize the off-state current. For the two types
of vertical TFTs, similar electrical characteristics are obtained, where the
field effect mobility is one order smaller than their lateral counterpart. The
calculated DOS from Suzuki method shows similar deep trap density for
the two types of vertical TFTs, and larger shallow trap density for the
vertical TFT with SiO, barrier layer, whereas the vertical TFTs show larger
DOS than lateral TFT. The subthreshold slope method validates the Suzuki
method in the deep trap zone, and the Griinewald method can also show
the accuracy of the Suzuki method in the DOS calculation. These methods

provide an approach for DOS calculation independent of temperature-



related measurements, which may be advantageous in certain situations

where temperature-dependent measurements are not possible [18].
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Captions:

Figure 1: Images of the vertical TFT device, (a) the first vertical TFT
configuration in previous works, (b) the improved vertical TFT
configuration, (c) the SEM image of the sidewall with a 100 nm SiO,
barrier layer, nonuniform etching results in a rugged sidewall, (d) the SEM
image of the sidewall with a 200 nm Si;N, barrier layer, the smaller etching
selectivity results in a flatter sidewall, even though with a recess at the
Si3Ny layer, and (e) the SEM image of the improved four-tooth device,

source, drain, and gate are illustrated.

Figure 2: Electrical characteristics of the vertical TFTs, (a) transfer
characteristics of the vertical TFT with SiO, barrier layer, (b) transfer
characteristics of the vertical TFT with Si;N4 barrier layer, (c) access
resistance deduction for vertical TFT with Si;N, barrier layer, (d) second-
derivative method to extract the threshold voltage for the vertical TFT with
Si0, barrier layer, the threshold voltage is assumed to be 4.4 V, and (e)
second-derivative method to extract the threshold voltage for the vertical
TFT with Si3N, barrier layer, the threshold voltage is also assumed to be

44 V.

Figure 3: Transfer characteristics and DOS calculation by Suzuki method

for the vertical TFTs, (a) transfer characteristics of the vertical TFTs (at



Vps=0.1V) and lateral TFT (at Vps=1V), (b) DOS calculation for vertical

TFTs and lateral TFT by Suzuki method.

Figure 4: Subthreshold slope method for DOS calculation, (a) DOS
calculated for the vertical TFT with SiO, barrier layer, (b) DOS calculated
for the vertical TFT with Si;N, barrier layer, (¢) DOS comparison for

vertical TFTs and lateral TFT.

Figure 5: Grunewald method for DOS calculation, (a) DOS calculated by
two methods for vertical TFTs with SiO, barrier, (b) DOS calculated by
two methods for vertical TFTs with Si;N, barrier, (¢c) DOS calculated by

two methods for lateral TFT.
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Table 1: Electrical parameters for vertical TFTs and lateral TFT deduced

from transfer characteristics.

Vds Ion Ioff Em Vth SS HFE
e | ) (A) (A) oot | @) | ) | (Vide) | (emVs)

Si0, 001 | 1.94x10° | 7.30x10"2 | 2.66x10° | 0.104 | 4.022 1.04 11.6

barrier | 0.1 | 1.88x10° | 9.49x101! | 1.95x10° | 0.984 | 4.085 1.18 11.0
layer 1 1.86x10% | 235x10° | 079x105 | 9.855 | 3.779 1.12 11.0

SN, | 001 | 244x10° | 1.73x1072 | 1.41x10° | 0.124 | 4369 0.79 15.1
barrier | 0.1 | 2.44x10° | 2.67x10"1 | 0.914x10° | 1.256 | 4.354 1.03 15.3
layer 1 267x10% | 1.05x10° | 254x10°5 | 1427 | 4.133 127 17.4

L%tlf;al 1 1.26 x10* | 1.25x101! 1.01x107 | 5.615 | 3.675 0.87 81.1




Figure 3
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Figure 4
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Figure 5
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1. The rough interface of the active layer and the rugged sidewall
adversely affects the electrical characteristics of vertical TFTs;

2. The vertical TFT with Si3N, barrier layer shows same threshold voltage
and subthreshold slope, however, a larger transconductance and field
effect mobility in comparison to the vertical TFT with SiO, barrier layer;

3. The electrical parameters of the vertical TFTs and lateral TFT are
analyzed by density of states (DOS) using Suzuki method, subthreshold

slope method, and Griinewald method.
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