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Order in disorder: Increased carrier mobility of downscaled amorphous
semiconductors as exemplified by hydrogenated amorphous silicon
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Amorphous semiconductors are important channel semiconductors in thin-film transistors (TFTs),
which serve not only active-matrix displays, but also flexible electronics for Internet of things applica-
tions. Nevertheless, a great limitation of amorphous semiconductors is their low carrier mobilities relative
to their monocrystalline counterparts. Based on a recently established band-fluctuation framework [Y. Luo
and A. Flewitt, Phys. Rev. B 109, 104203 (2024)], this paper shows that the intrinsic carrier mobility of
amorphous semiconductors can significantly increase simply through device downscaling, without any
material-level optimizations. Specifically, it is revealed that the intrinsic electron mobility of hydrogenated
amorphous silicon in a 10-nm-long gap can increase by about 12 times, and this does not compromise
device-to-device uniformity. This mobility improvement is a result of reduced localized band-tail states
due to the ultrashort gap length relative to the band-fluctuation length scale before downscaling; the latter
is determined by the short- and medium-range structural order of the amorphous semiconductor.
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I. INTRODUCTION

Thin-film transistors (TFTs), traditionally known as the
building blocks of active-matrix displays, now play an
increasingly important role in Internet of things (IOT)
hardware that is seamlessly integrating into the objects
in our daily life [1]. In contrast to silicon-based metal-
oxide-semiconductor field effect transistor devices used
in mature integrated circuits (ICs), many of the fasci-
nating merits that TFTs have offered to the IOT, such
as large-area low-cost fabrication and low thermal bud-
get, result from the properties and fabrication process of
their channel semiconductors, which are typically noncrys-
talline materials [2,3], with amorphous semiconductors
being the most commercially influential representatives.
Well-known examples include hydrogenated amorphous
silicon (a-Si:H), which demonstrated its success in early
liquid-crystal displays in the last century [4], as well as
amorphous oxides (such as amorphous indium gallium
zinc oxide, a-IGZO), which have been increasingly domi-
nant since 2004 [5]. Speed, which was not a top priority for
TFTs in the past, is now of growing significance in light of
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the soaring development of IOT technologies, as exempli-
fied by flexible electronics [6,7]; this is especially so when
it comes to emerging fields, such as flexible microproces-
sors [8], flexible machine learning engines [9], and novel
memory architectures for edge computing [10]. Amor-
phous semiconductors, however, are intrinsically disad-
vantaged in speed due to their low carrier mobility. For
instance, the electron mobility of a-Si:H is typically lim-
ited to about 1 cm?/(V s) [11]. Even for amorphous oxides
that exhibit higher mobilities [such as ~ 10 cm?/(Vs)
mobility of a-IGZO [5] ], their mobility values are still very
far from the expectations of standard IC electronics. Other
material options available for TFTs, such as high-mobility
polycrystalline and crystalline thin films, are at the cost of
poor device uniformity, higher expenses, higher thermal
budget, and process complexity.

Great efforts have been made to improve the mobility of
amorphous semiconductors. Some endeavors focused on
the material level to improve the intrinsic mobility. These,
for a-Si:H, include the use of disilane with a controlled
flow rate [12], the technique of expanding thermal plasma
[13], and the process of catalytic chemical vapor deposi-
tion [14]. For amorphous oxides such as a-1GZO, increas-
ing the carrier concentration through elemental controls
[15,16] and decreasing the defect density through metal
capping [17] were attempted. Other endeavors focused
on the device level and aimed to improve the appar-
ent field effect mobility through, for instance, optimizing
semiconductor-insulator interface conditions [18-23] and
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decreasing the parasitic resistance [24]. Nevertheless, none
of the reported methods so far present an effective and
reproducible way to fundamentally overcome the mobility
issue; also, many of them often compromise other material
merits such as stability, thermal budget, and process sim-
plicity. An alternative strategy is thus needed in light of the
technological importance of amorphous semiconductors in
the era of the IOT.

One well-known factor causing low mobilities of amor-
phous semiconductors is the localized states in the density
of states (DOS) distribution band tails; this was elabo-
rated in our recent work [25], henceforth named “Paper 1.”
In Paper 1, we used a-Si:H as an example and rein-
vestigated the essence of localized band-tail states from
the perspective of excess valence-band and conduction-
band (CB) charges (termed “excess delocalized charges”),
which induced extra potentials that forced the crystalline
silicon (¢-Si) band edge to fluctuate. Figure 1(a) shows the
band-edge fluctuation modeled in Paper 1, from which the
fluctuation along a representative direction is extracted and
shown in Fig. 1(b). As revealed in Paper 1, because of the
existence of short- and medium-range structural order in
amorphous semiconductors, the band fluctuation is slow.
Here, the Fourier decomposition in Fig. 1(c) reveals that
the predominant (>95%) Fourier components are below
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FIG. 1.

a cutoff spatial frequency of 0.012ay~!, where ay is the
short-range order length (3 A) defined in Paper 1. This
corresponds to a length scale of 25 nm. We therefore
envisage that, similar to a high-pass filter, downscaling
below such a length scale would selectively retain only the
high-frequency fluctuations with low amplitudes, therefore
mitigating the overall band fluctuation. a-Si:H would then
contain fewer localized band-tail states, according to the
analysis in Paper 1, and thus, exhibit higher mobility.

The above hypothesis of band-tail engineering by means
of downscaling also meets the general trend in the semi-
conductor industry; beside ICs, downscaling has also
received much attention for TFTs. Nevertheless, existing
studies did not straightforwardly corroborate our hypoth-
esis (e.g., Refs. [26-28]). This is due to two facts. First,
it was the apparent field effect mobility (rather than the
intrinsic mobility) that was investigated; the former is
affected by nonideality factors such as contact resistance.
Second, the staggered TFT structures were adopted, as
illustrated in Fig. 1(d), where the actual channel length is
partly correlated with the unscaled gate length, and thus,
is not being strictly downscaled. The intrinsic mobility
after strict downscaling remains an underexplored topic. It
should be highlighted that, with numerous existing strate-
gies, nonideality factors could eventually be suppressed
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Preliminary justification of increased mobility through downscaling. (a),(b) Band edge spatial distribution of the model

developed in Paper 1 [25]. 150 x 150 x 7.5 nm® model simulates a a-Si:H thin film; (a) shows the result across the plane at z = 13ay,
where ap=3 A is the short-range order length. One-dimensional fluctuation along the dashed line in (a) is extracted in (b). (c) Fourier
decomposition of (b), showing that more than 95% contribution to the fluctuation in (b) comes from components with spatial fre-
quencies less than 0.012a,~!. (d) Illustration of one of the reasons why many previous researchers did not observe increased mobility
after downscaling. In staggered TFTs, the gate is not effectively downscaled, leading to a longer carrier path than the source-drain

separation.
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to a satisfactorily low level; it is then the intrinsic mobil-
ity that would be the limitation. Compared with the large
engineering space of nonideality factors, the intrinsic prop-
erty is indeed much more difficult to deal with. Our hypoth-
esis appears to be a promising strategy, but validation is
needed.

Therefore, a quantitative and rigorous bottom-up effort
is made in this paper. First, a basic device configuration
is defined in Sec. II, in the context of which the down-
scaling of amorphous semiconductors, as exemplified by
a-Si:H, is investigated. Section III resolves the motion and
transport of carriers in downscaled a-Si:H through statis-
tical analysis, leading to analytical quantification of the
intrinsic carrier mobility. Section IV uses the analytical
results in Sec. III and the modeling framework from Paper
1, to simulate the mobility after downscaling. A remark-
able mobility improvement of about 12 times at a length
scale of 10 nm is shown, and a satisfactorily low device-
to-device variation is revealed. In the end, it is concluded
that the essence of the mobility improvement is a result
of reduced localized band-tail states due to the ultrashort
material length scale relative to the band-fluctuation length
scale set by the short- and medium-range order of the
amorphous semiconductor.

II. THE CONTEXT OF DOWNSCALING: THE
DEVICE STRUCTURE

As shown in Fig. 2(a), a basic device structure named
the “nanogap” is proposed. This is a structure where a pair
of metal electrodes are separated by a nanoscale length L
(ideally <25 nm, as envisaged earlier), in which a-Si:H is
filled. The width (y direction) and thickness (z direction)
are of the same scales as the source and drain electrodes
in an ordinary TFT. a-Si:H exists only inside the gap, and
thus, is being strictly downscaled. To implement such strict
downscaling in practical TFTs, only coplanar structures, as
exemplified by Fig. 2(b), may be adopted. The nanoscale
spacing may be fabricated using recent low-cost scalable
processes, such as adhesion lithography [29-32], as an
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alternative to slow and expensive electron-beam lithog-
raphy. The gate field penetration in the TFT should be
satisfactory, on condition that the dielectric layer is thin
and that the source and drain thicknesses are comparable
to or less than L. For the purpose of this paper, we focus
only on the intrinsic dc carrier mobility in Fig. 2(a) under
a voltage U.

I1I. CHARGE-TRANSPORT ANALYSIS

For a-Si:H, electron carriers play a much more impor-
tant role in conduction than hole carriers [11], and so the
focus of this paper is only on electron carriers. Given
that hydrogen passivates the majority of dangling bonds in
high-quality a-Si:H [33], and that the volume of a-Si:H in
the nanogap is too small to be able to involve even a single
defect, in this paper we approximately treat a-Si:H as being
defect free. In the absence of defect states, the localized
states in a-Si:H are, in essence, band-tail states that origi-
nate from band fluctuation, as analyzed in Paper 1 [25]. In
our other previous work (henceforth named Paper 2 [34]),
we found that, instead of being completely confined, elec-
tron carriers still undergo local motion, even when they
are in localized band-tail states. Such microscopic motion
is not fundamentally different from that of extended-state
electrons, both of which are being scattered from disorder.
Therefore, regardless of the state of the electron carriers,
their paths take a zigzag shape due to frequent scattering,
the mean free path of which is of interatomic spacing [11]
(~the short-range order length a). This is illustrated in
Fig. 3(a). Such random thermal motion acts as noise that
does not contribute to net conduction. An imagined “drift
center” is thus introduced in Fig. 3(b) to describe the net
drift motion of every electron carrier under an applied field.
Acting as a reference point, the drift center of an electron
carrier is defined in such a way that it is exactly at the loca-
tion of the actual carrier when the x coordinate of the actual
carrier first reaches the middle of the nanogap (i.e., x = xg);
this is illustrated in Fig. 3(b). Except the case of x =x,
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FIG. 2. Device structure and practical implementation. (a) Structure of the nanogap where a-Si:H is strictly downscaled. Length of
the nanogap is on the nanoscale, whereas the width and thickness are of standard scales as in ordinary TFTs. (b) Practical implemen-
tation of the nanogap in TFTs. Coplanar structure must be used to produce a channel that is strictly downscaled (illustrated by dashed

arrows).
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Analysis of the random thermal motion and drift motion of electron carriers in the nearly defect-free a-Si:H nanogap. (a)

lustration of the actual zigzag path of a carrier under an applied field F. (b) Description of net drift motion based on an idealized drift
center. Drift center (red sphere) is defined in such a way that it is at the exact location of the actual carrier when the latter first reaches
the middle of the gap (i.e., X =x =x¢). (c) Three-dimensional (3D) illustration of the actual carrier path. During the period when the
drift center drifts in a region named R [see also (a) and (b)], the carrier is narrowly able to reach the metal-semiconductor interfaces.
(d) Quantification of the uncertainty of carrier location. Before and after the drift center reaches X = x, the root-mean-square (RMS)
deviation (67) of the actual carrier from the drift center depends on the location of the drift center in a parabolic fashion (dotted purple
curves). Region R is specified in such a way that, when the drift center reaches either of the boundaries of R, the farthest RMS deviation

is just able to reach the metal-semiconductor interfaces.

the actual location of the carrier is uncertainly distributed
around the drift center.

To quantitatively analyze this uncertainty, the classic
random walk theorem is utilized. As revealed in Paper
2 [34], electrons at different energies experience different
extents of spatial confinement. Thus, if the transit of a car-
rier through the a-Si:H nanogap includes more than one
energy state, such a transit should be modeled as a random
walk with multiple phases, each of which lasts for time 7,
and possesses a unique diffusion coefficient, D,,, reflect-
ing the extent of spatial confinement. Based on Einstein’s
diffusion theory [35] and probability theories, the RMS dis-
placement of a carrier from its initial location in 3D space

is
Sr = /Z6Dmtm. )

Under an applied electric field (F'), the diffusion coefficient
(D) 1s related to the drift mobility (i) of the carrier in the
mth phase via the Einstein relationship:

kT
Dm = ?,U,m, (2)

where k is the Boltzmann constant, 7 denotes tempera-
ture, and e is the elementary charge. Furthermore, the drift
mobility is associated with the drift velocity (v,,) via

Uy = //LmF- (3)

In total, the carrier completes a net drift opposite to the
field by a distance X that is

X = Z Umtm- (4)
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Substituting Egs. (2)+4) back into Eq. (1), the total RMS
displacement is expressed as

6kTX

or ,
eF

)

which relates the net drift to the superimposed diffu-
sion. This is illustrated by the dotted evolution contour in
Fig. 3(d) in a 3D view [to be viewed alongside Fig. 3(c)].
The period before the drift center reaches X = x is simply
treated as a reverse process, and so, the location uncer-
tainty is similarly quantified, showing a mirrored RMS
profile about X = xq. It should be noted that the symmetry
shown in Fig. 3(d) results from how we define the location
of the drift center initially. Although, in principle, different
definitions would not change the result of this paper, the
adopted definition provides the best convenience, as will
be demonstrated.

It is now apparent that electron carriers may be in
the metal electrodes when their drift centers are very
near the metal-semiconductor interfaces. This introduces
complexity into our subsequent analysis on charge trans-
port, because the electric field in the metal is noticeably
weaker than that in @-Si:H; the intrinsic property of a-
Si:H becomes vague if the effect of the metal is included.
In fact, the latter should be recognized as a parasitic fac-
tor in the form of, e.g., contact resistance. To avoid such
complexity and reveal the intrinsic property, within a-Si:H
a region named R with a length of L.y is defined. The
expectations are that, first, R needs to be kept away from
the electrodes, as illustrated in Figs. 3(a) and 3(b); in this
way, as long as the drift center is within R, the actual car-
rier should not reach the metals in most cases. Second, R
should be as large as possible such that the intrinsic prop-
erty of the entire a-Si:H is revealed, instead of a small
portion of it. These requirements are analyzed in Fig. 3(d),
where the RMS deviation at either side of R exactly reaches
the metal-semiconductor interfaces (see the arrows). Con-
sequently, the length of R can be analytically determined

via
L—Lg  [3kT
=/ == Ler-
> et (6)

The mobility of the entire a-Si:H in the nanogap can now
be analyzed based on the motion of drift centers across R.
It is assumed that, after applying voltage U, the dc con-
duction lasts for a sufficiently long time, T}, relative to the
time for the system to reach a steady current. During 7Y,
N, drift centers pass through R. In this setting, the average
electron mobility of ¢-Si:H in the nanogap is given by the

parallel conduction analysis detailed in Appendix A as

+00
fE gr(E)f (E)IE
la = Fi\‘o(; Ndd - (7)
/ S(EV(E)dE =17
ErNG

This takes the form of a harmonic mean. i indexes each of
the N; drift centers, each of which exhibits unique mobility
(1;) as it drifts across R. ggr(E) is the DOS distribution of
a-Si:H inside R. g(E) is the overall DOS of a-Si:H in the
entire nanogap. Er ng is the Fermi level of ¢-Si:H inside
the nanogap. AF) is the Fermi-Dirac distribution.

Multiple trapping and release (MTR) is the predomi-
nant charge-transport mechanism of room-temperature a-
Si:H [36] (and many other amorphous semiconductors).
According to Paper 2, the average dc mobility of electrons
in a macroscale a-Si:H thin film is [34]

Pext,eff

Ma = HCeff (8)

b
Next,eff + Mloc,eff

where pcesr is the effective extended-state mobility. R efr
and mjec e, respectively, denote the densities of electrons
that are in effective extended states and effective local-
ized states, as demarcated by the effective CB mobility
edge Ec.r; these densities are calculated based on the inner
product of DOS and Fermi distribution.

It is tempting to evaluate the mobilities, u;, in Eq. (7)
using Eq. (8). However, as analyzed in Paper 2, Eq. (8)
is valid only when both of the following assumptions are
true [34]. First, uniformity: extended states and localized
states are approximately uniform in space such that all car-
riers end up interacting with generally similar electronic
structures. Second, sufficiency: carriers undergo numer-
ous trapping and release events during their migration
to allow the statistical nature to be exhibited. However,
these assumptions collapse in the downscaled nanogap.
It is most evident that the sufficiency assumption col-
lapses, as an electron is unlikely to undergo many trapping
and release events during its ultrashort migration time
across the gap. The uniformity assumption also no longer
holds true. The dimension along the x axis is too small
to leverage any macroscale uniformity. Though there is
macroscopic uniformity along the y axis, the diffusion of
electrons along this direction is limited given the analy-
sis in Fig. 3(d). Thus, electrons that are well-separated in
the y-axis direction may end up interacting with noticeably
different electronic structures.

To solve the issue of nonuniformity, in Fig. 4(a), the
nanogap is virtually divided along the y and z axes into
totally N, “lanes” with a reasonable cross section. The
expectation is that, in this way, carriers can be treated as
being confined within the respective lanes along which
their drift centers migrate; despite the nonuniformity at the
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FIG. 4. Discretized transport analysis and its equivalence. (a)
Division of lanes in the nanogap (z-axis division not shown).
Each lane is given a specific color to demonstrate its unique
local electronic structure. Motion of the drift centers of carriers
are illustrated by black arrows. (b) Virtual thin film constructed
through duplicating the electronic structures of a-Si:H in (a)
numerous times along the x axis. Actual carrier motions are
denoted by the zigzag gray lines. Repeated drifts in (a) are
equivalently reproduced in (b) by discontinuous drifts along the
respective long lanes. Continuous drift in (b) also includes drift
processes in the surplus gaps, which are similar to the discon-
tinuous drifts if the length of R is around half of the nanogap
length.

scale of the entire nanogap, uniformity is still achieved
inside the individual lanes. To meet this expectation, the
lane cross section should be the average transverse devia-
tion of carriers away from their drift centers. According to
Eq. (5) and Fig. 3(d), this is defined based on the volume
average, i.e.,

x0+(Letr/2) 3
/ (4/3)7 (,/6kT|X x| /eF) dx

0—(Lefr/2)

4
S (en’) = - :

)

through which the cross-section side length of the lanes is

set as
16 [3kT
des = 2((6r)3) = ) =) == Ler
cs (6r)) 5\ o Left

The issue of insufficiency can now be addressed.
Assume that throughout the dc conduction time, 7Y, there
are n, total drift centers that migrate across R along the
sth lane. Neglecting the influence of thermal fluctuations
in the material, there should not be more than one drift
center existing in R at any single moment because of the
limited carrier density and extremely small volume of R.
As a result, basic statistics reveals that the migrations of
the n, drift centers are independent random experiments,
while the drift time (thus, the mobilities) of these elec-
trons are outcomes. As electrons are indistinguishable, it
is equivalent to conduct these random experiments using a

(10)

single electron; this corresponds to a scenario where a sin-
gle drift center migrates across R along the sth lane for n;
times.

This scenario is reproduced virtually. In Fig. 4(b), the
electronic structures (not the real material) of a-Si:H in the
nanogap are duplicated M times along the x axis, where,
forVse[1, N1], M > n,. A “virtual macroscale thin film”
forms, which comprises “long lanes” duplicated from the
electronic structure of the corresponding short lanes in
Fig. 4(a). The scenario of “a single drift center migrating
across R for ng times” is now equivalently reproduced in
Fig. 4(b) as the discontinuous drift of a single drift cen-
ter across n, short sections along the sth long lane under
the same electric field F. The drift is discontinuous, in the
sense that the drift center is expected to instantly “jump
over” the surplus gaps of length (L—L.g), even though the
actual carrier may still interact with the electronic struc-
tures in these surplus gaps. Note that because the long lanes
in the virtual macroscale thin film form via the duplica-
tion of the electronic structure of the short lanes in the
nanogap, the carrier will also be confined within a sin-
gle long lane in the virtual film, just as it would be in a
short lane of the nanogap. Such a limited RMS deviation
over a long drift distance is different from the situation in
a real macroscale film, which may be imaginarily under-
stood as a result of the existence of certain “boundaries”
between adjacent long lanes, which have no other effects
except elastically scattering electrons.

To resolve the discontinuous drift, continuous drift
along the long lane is considered, which includes the
drifts in surplus gaps. “Lane mobility” i, may be defined,
quantifying the most probable mobility that a drift cen-
ter exhibits when it continuously drifts throughout the sth
long lane. Appendix B reveals that, on condition that Leg
is around half of L (to be validated in Sec. IV A retro-
spectively), ft; could be used to describe the discontinuous
drift as well, based on which the nanogap mobility defined
in Eq. (7) transforms into a form of a weighted mean:

+00
B (EE _
/;F,NG Zivil NR,sﬂs

/:L = +oo N R . (1 1)
/ g(E)f (E)dE > =1 VR
E

F NG

Because each of the lanes in Fig. 4(b) is uniform and suf-
ficiently long in the drift direction to allow the statistical
nature to be exhibited, iy can now be directly quantified
via the MTR theory shown in Eq. (8). The nanogap mobil-
ity, ft, can then be calculated using Eq. (11). In Eq. (11),
NR,S is the average number of drift centers inside the sth
lane within R, which is

X LeffS

Rs —
Ny

+00
A e E(EME,  (12)

FNG
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FIG. 5. Quantification of nanogap mobility. (a) Modeling a-Si:H nanogap based on the 2.5D excess charge model from Paper 1

[25]. (b) Band edge distribution of @-Si:H in the nanogap. Distribution on the middle plane (z = 13ay) is shown in both the original
and stretched aspect ratio. Division of lanes is illustrated in the latter. (¢) Calculated DOS distributions of individual lanes under 0.5 V.
These DOS curves are much steeper compared with that of the macroscale thin film. Overestimated mobility edges (black dots) are
used to underestimate the 72 lane mobilities. (d) Investigation of the effect of voltage. Higher voltage confines the deviation of carriers
from their drift centers, shrinks the lane cross sections (thus increasing the number of lanes), and increases the length of R; these are
illustrated in the inset of (e). () Dependence of nanogap mobility on voltage and Fermi-level position. As envisaged based on (d), a
higher voltage increases nanogap mobility. It is reasonably assumed that the material does not breakdown under these voltages. Fermi-
level position (within a reasonable range) has almost zero influence on nanogap mobility. Energies are relative to the conduction band
edge of crystalline silicon. Arrow indicates the choice of Fermi level in this paper. Parabolic curves in the inset show the evolution of

RMS deviation under different voltages.

where S is the cross-section area of the nanogap and
gr.s(E) is the local DOS distribution specific to the sth lane
within R.

IV. RESULTS AND DISCUSSION

A. Simulation of a 10-nm nanogap

As a comparative study, we base this paper on the
2.5-dimensional (2.5D) excess delocalized charge model
developed in Paper 1 [25]. This model approximates a
defect-free macroscale a-Si:H thin film, the electron mobil-
ity of which is to be compared with that after downscaling
in the nanogap. Note that due to computational cost, the
length scale of the 2.5D model was only 150 nm (rather
than on the micrometer scale as in real situations). Hence,
to produce a significant contrast, here a 10-nm nanogap
is first simulated, though in practice a slightly longer gap
enhances gate controllability. It should be mentioned that,
in real devices, a-Si:H in the nanogap is fabricated through

etching from a macroscale thin film, so the extent of bond-
angle and bond-length distortion of a-Si:H in the nanogap,
which determines the excess delocalized charges therein,
is the same as that of the same region before downscal-
ing. Thus, a-Si:H in the nanogap is simply modeled, from
the perspective of excess delocalized charges, as a “strip”
that is “cut” from the larger 2.5D model [see Fig. 5(a)],
assuming trivial metal-semiconductor interfacial charges.
As the first trial, we extract the strip between x = 50qa
and x =83qay from the 2.5D model. The band-edge dis-
tribution for the z=13a( plane is mapped in Fig. 5(b),
based on which gg(E) and g(E) can be calculated using
the method described in Paper 1 [25]. Lane division is
specified according to Eq. (10), assuming that U=0.5V,
based on which gz () is obtained. For computational sim-
plicity, the energy integrations in Eqgs. (7) and (12) start
from the energy position at which the corresponding DOS
is equal to 10'® eV~ cm™3. This is reasonable because, for
a nearly-defect-free ¢-Si:H, DOS below 10'® eV~!cm™3
continues to drop exponentially and would be much

054065-7



YUEZHOU LUO and ANDREW JOHN FLEWITT

PHYS. REV. APPLIED 24, 054065 (2025)

more trivial compared with the DOS at higher energies;
for example, the latter is typically >10%' eV~!'cm™ at
extended-state energies [25]. Note that although the elec-
tric field at U=0.5 V (i.e., 0.5 MV/cm) is high enough
to cause the onset of velocity saturation of extended-state
electrons in a-Si:H due to acoustic phonon emission, the
effect of this saturation is not strong, as shown in Ref. [37];
meanwhile, a high field is able to promote thermal release
[37,38], which compensates for the velocity saturation
effect. Therefore, if combining these two counteracting
factors into the single quantity, uces, in Eq. (8), this quan-
tity may be treated as being field independent. Further-
more, Ucesr, Which is a quantity related to carrier scattering,
may also be treated as being dimension independent here;
in other words, it does not change after downscaling. This
is because the mean free path of extended-state electrons
in amorphous semiconductors is of the interatomic spacing
scale [11], which is still much shorter than the gap length,
despite downscaling; ballistic transport will not occur. As
a consequence, fcer Will be canceled if it is the relative
mobility increase that is focused upon. Still, we continue
to use the value of 46 cm?/(V's), as revealed in Paper 2
[34], to straightforwardly show the absolute mobilities.

Figure 5(c) shows gg ((E), the local DOSs of individ-
ual lanes, which are compared with the DOS of their
macroscale thin-film counterpart before downscaling. It
is evident that downscaling fundamentally changes the
steepness of these constituent DOSs, which validates
our initial hypothesis that high-magnitude low-frequency
band-fluctuation components are filtered through down-
scaling. To evaluate room-temperature lane mobilities, [,
using Eq. (8), the effective mobility edge (Ecex) of the
lanes needs to be known in addition to gces. A worst-case
scenario is considered; Eces 1S overestimated to be at the
highest local band edge in the individual lanes. This is
shown by the black dots on the DOS curves in Fig. 5(c).
Then, the nanogap intrinsic mobility, jt, is calculated to be
11.71 cm?/(V s) through Eq. (11), i.e., about 12 times that
before downscaling.

Voltage plays a role in that it determines the magni-
tude of electric field in the nanogap and thereby determines
L through Eq. (6) and the cross-section length of divided
lanes through Eq. (10). Additional voltages of 0.3, 0.8, and
1 V are simulated. Figure 5(d) shows that, as the voltage
increases, the lateral diffusion of carriers is more restricted,
leading to a smaller lane cross section, more lanes, and a
longer R length, L.s. These are schematically illustrated in
the inset of Fig. 5(e). Note that the earlier assumption that
Legr is around half of L is now deemed acceptable.

There may be a concern that the voltages studied herein
produce high electric fields up to the order of 1 MV/cm,
which may lead to the breakdown of a-Si:H. Nevertheless,
there is evidence that avalanche multiplication in a-Si:H
via impact ionization does not occur, unless the field is
even higher than 1 MV/cm [39]; meanwhile, since a-Si:H

in this paper is assumed to be of high quality and free from
defects and contaminations, breakdown via defect states
is not possible, which also ensures a high field tolerance
[40]. High fields are involved in this paper for two rea-
sons. First, according to Eq. (10), high fields are necessary
to yield lane cross sections that are small relative to the
entire cross section of the nanogap, such that the number
of divided lanes is sufficient to yield statistically accurate
mobility results. Second, for real nanogaps and nanoscale
TFTs, voltages on the orders of 0.1 and 1 V should still
be applied, as is common in the literature [41—44]. These
voltages are compatible with ordinary driving circuitries
and ensure a sufficient signal-to-noise ratio. Fields on or
slightly above the order of 0.1 MV/cm are not unexpected.

In addition to showing that the nanogap mobility
increases with an increasing voltage U, Fig. 5(e) also
shows the influence of the Fermi-level position. The Fermi
level of a-Si:H in the nanogap is not precisely known
at present, but within a reasonably large range of val-
ues around the Fermi level of typical macroscale a-Si:H
[25,36] (indicated by the arrow in the figure), the mobility
result is not changed.

B. Simulation of device-to-device (D2D) variation

“Cutting” from different parts of the 2.5D model is
analogous to batch-fabricating nanogaps in an industrial
setting. Although all these nanogaps share the same geom-
etry and are fabricated under identical conditions, the
stochasticity of the detailed material structure would show
up and lead to property variation from one nanogap to
another. This is also known as “D2D variation.” The D2D
variation of intrinsic mobility is simulated here through
extracting charges at multiple randomly chosen locations,
for instance, at x € [100aq, 133ay], [200ay, 233a0], [290ay,
323ay], [350aq, 383a¢], and [420aq, 453ag]. This is illus-
trated in Fig. 6(a). Together with the first trial in Sec. [V A
and under the same U=0.5 V, six nanogap mobilities are
shown in Fig. 6(b); the mobility of the macroscale thin-film
counterpart (utr) and pcer are indicated for comparison.
On average, these nanogaps exhibit an average mobility
of 11.86 cm?/(V s), with the highest mobility being about
14u1r and the lowest mobility being 9girg.

Coeflicient of variation (CV), which quantifies the D2D
mobility variation, is 16.26%. To quantitatively make
sense of this CV value, the variation of the 72 lane mobil-
ities (i) within each single trial is investigated for com-
parison. These lane mobility values are indicated by the
scatters in Fig. 6(b); their CV values are recorded in the
top table. Compared with these, the CV of nanogaps is
significantly smaller.

The width of nanogaps plays an important role in D2D
variation; to better demonstrate this, nanogaps with five
more different widths are simulated. The way that these
nanogaps are produced is illustrated in Fig. 6(c). Figure
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FIG. 6. Study of D2D variation at the material level. (a) Illustration of the production of six random trials. (b) Mobility variation.
Average mobility of the six trials is 11.97 times the mobility (u7r) of their macroscale thin-film counterpart (dashed blue line). CV,
which reflects the D2D variation, is 16.26%. Individual lane mobilities in each trial are denoted by hollow circles. Top table lists the
CV of the lane mobilities for each trial; 16.26% is significantly lower in comparison. (c) Illustration of the production of nanogaps
with different widths. (d) CV calculated at different widths. (¢) Examples of deep energy valleys in the band-fluctuation landscape.

6(d) shows that the CV of the nanogap mobility is indeed
the lowest at the largest width, which may be understood
from the perspective of the following mechanism.

Figure 6(e) shows the band fluctuation of one example
nanogap [which is studied in Fig. 5(b)], where deep energy
valleys are identified. If a lane of the nanogap contains
one such electronic structure, its lane mobility would be
considerably lower, because a valley produces significant
localized states, which retard the drift of carriers. In Eq.
(11), the weight of lane mobility is proportional to Ni.
For the lane that contains a valley, its local DOS distribu-
tion would be closer to the Fermi level than those of the
others [see Fig. 5(c)]; this indicates a higher occupation
probability, £, and a consequentially higher Ny ;. The above
facts mean that a low lane mobility takes a relatively large
weight in the calculation of Eq. (11), both of which are the
consequences of the energy valley. As a result, batch- and
identically fabricated nanogaps would behave differently if
some did not contain a deep valley while others contained
one or more.

Such differences, however, would be lowered if the
batch-fabricated nanogaps were sufficiently wide. A wider
nanogap contains more lanes, such that, through the
weighted-mean operation in Eq. (11), the property fluc-
tuation caused by a single (or a few) lane(s) would be
suppressed. It is expected that for real nanogaps with much
larger widths (e.g., in the micrometer scale) than the simu-
lation in this paper, the D2D variation of intrinsic mobility
should be considerably lower.

Furthermore, viewing device-level properties, a suffi-
cient nanogap width is also beneficial because it suppresses
the variation of metal-semiconductor contact resistance,
thanks to the long-range uniformity along the y-axis direc-
tion. This topic could be quantitatively investigated in the
future as the next step towards device-level simulations.

C. Dependence of mobility on the nanogap length

Five more length scales, 20, 30, 40, 50, and 60 nm,
are studied. To obtain statistically reliable results with-
out being affected by stochastic variations, six nanogaps
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FIG. 7.

Dependence of nanogap mobility on nanogap length. (a) Illustration of the production of nanogaps with different lengths.

Due to the limit of simulation size, each nanogap is only 45 nm wide, such that six trials can be produced from a single thin-film model.
(b) Simulation results and fitting. For each of the six nanogap lengths, six trials are conducted. In total, 36 mobility results are obtained.
Average mobility of the six trials at each of the six lengths is calculated and fitted using an exponential decay function. Mobility of
their thin-film counterpart (urr) and the effective extended-state mobility (ucef) are shown for comparisons. (¢) Dependence of the
length of R (right axis) and the side length of the lane cross section (left axis) on the length of nanogap. Both scale linearly with the

nanogap length under a fixed voltage of U=0.5 V.

are simulated for each of these lengths. Because the
2.5D model is limited in size due to computational load,
also in light of the space occupations of the extraction
regions in the 2.5D model, the width of the six nanogaps
at each length decreases to only 45 nm in this subsec-
tion; they are extracted according to the illustration in
Fig. 7(a). Together with the results of the 10-nm nanogaps,
a total of 6 x 6 nanogap mobilities under the same volt-
age, U=0.5 V, are calculated in Fig. 7(b). The average
mobility of the six nanogaps at each length is then cal-
culated, fitting well with an exponential function of the
form peonsteXp(—L/Lo) + ptr, where Ly is a length con-
stant and fonst 1S @ mobility constant. This is shown by
the dashed blue curve in the figure. Note that extrapo-
lation below 10 nm is not shown because these lengths
are too short to be practically meaningful. The above
results further validate our hypothesis that downscaling
acts as a spatial frequency filter. The greater the downscal-
ing, the fewer the low-frequency components, the lower
the amplitudes of band fluctuation, and the higher the
mobility.

It is worthwhile noting that a size of 20 nm
(length) x 45 nm (width) x 7.5 nm (thickness) is sim-
ulated in this subsection, showing an average mobil-
ity of 5.16 cm?/(Vs). In comparison, a size of 10 nm
(length) x 90 nm (width) x 7.5 nm (thickness) was simu-
lated in the last subsection [Fig. 6(d)]; this shares the same
volume as the former case, but it exhibits a much higher
mobility of 12.27 cm?/(V s). The fundamental reason why
the same volume corresponds to different mobilities lies in
the directionality defined by the carrier drift direction. To
increase mobility, it is important to note which dimension
is to be downscaled; this must be in the direction along
which carriers are drifting (i.e., opposite to the direction of
the applied electric field).

Shown in Fig. 7(c) is a demonstration that, under the
same U, the length of R scales linearly as the nanogap
length increases and the nominal lane cross-section side
length also scales linearly. Here, the term “nominal” is
used because the discretized division could result in a few
“incomplete” lanes at the model margins, the cross sections
of which are smaller, but these are minorities under most
circumstances.

D. The role of medium-range order (MRO)

According to Paper 1, MRO of ¢-Si:H may be quantified
by a modeling parameter named window dimension (w)
[25]. Viewing this parameter as a variable that is related
to the conditions and quality of material deposition, the
dependence of nanogap mobility on w is investigated in
this subsection. Here, in addition to w = 5a(, which was
discussed in previous subsections, another four choices
of w (i.e., w=0, 2a¢,10ap, and 20a() are studied (for
details of the modeling method, see Appendix C). Similar
to Fig. 1(c), the Fourier decompositions of the band edge
fluctuation along the dashed line in Fig. 1(a) (but under dif-
ferent choices of w) are calculated in Figs. 8(a) and 8(b). It
can be observed that, with a larger w, high-frequency com-
ponents are more trivial. It can thus be envisaged that, after
downscaling, these remnant high-frequency components
will possess lower amplitudes; this will lead to steeper lane
DOSs and, consequently, higher nanogap mobility.

The above envisagement is confirmed by the results in
Fig. 8(c), which show that, at any fixed nanogap length
L, the mobility increases nearly linearly with the increase
of w. It can thus be concluded that, fundamentally, it is
the relative length scale of the nanogap compared with
the MRO length that determines the mobility improvement
after downscaling.
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FIG. 8. Influence of MRO on the spatial frequencies of band fluctuation. (a) Normalized distribution of Fourier components extracted
from the band edge fluctuation along the dashed line in Fig. 1(a) but under different choices of window dimension (w). (b) Cumulative
distribution of spatial frequencies in (a). Like Fig. 1(c), the spatial frequency at which the cumulation reaches 95% is defined as the
cutoff frequency. As w increases, the cutoff frequency decreases, and the length scale that corresponds to the cutoff frequency increases,
as labeled in the figure. (c) Dependence of nanogap mobility on the nanogap length and w. Three nanogap lengths and five values of
w are studied. For each case, six trials are conducted, as in Fig. 7. For a fixed nanogap length, the average nanogap mobility of the
respective six trials increases nearly linearly with increasing w. Mobility is ultimately a combined result of nanogap length and the

length scale of medium-range order, which is associated with w.

E. Discussion

From the above analyses and results, it is now clear
that downscaling improves the intrinsic carrier mobility
of an amorphous semiconductor for two reasons. First,
the nanoscale length leads to an ultrashort migration time
of carriers across the gap; unlike in a macroscale film
where the lateral diffusion of carriers can be noticeable,
the carriers in the nanogap predominantly move along
the downscaled length direction. Second, along this length
direction, the band fluctuation of the amorphous semicon-
ductor is smoother after downscaling, resulting in a lower
density of localized band-tail states and consequentially
enabling a higher carrier mobility. This mitigated fluctu-
ation stems from the size shrinking, which is analogous
to a high-pass filter that selectively blocks low-frequency
fluctuation components that otherwise contribute to most
of the band fluctuation. Ultimately, the extent of mobility
increase depends on the detailed spatial frequency com-
positions of band fluctuation before downscaling and how
their corresponding length scales compare to the down-
scaled material length; this is where the medium-range
order of the amorphous semiconductor plays a role in
part.

One of the superiorities of amorphous semiconductors
to other noncrystalline and crystalline semiconductors was
their excellent large-area uniformity, but little was known
when it came to the nanoscale. It is shown in this paper
that, to retain uniformity even after downscaling, it is
essential that at least one dimension is unscaled.

V. CONCLUSIONS

This paper is a significant theoretical endeavor that elu-
cidates the improvement of intrinsic carrier mobility in
downscaled amorphous semiconductors, serving as a reli-
able guide for experiments in the future. To start with,
the concept of spatial frequency filtering is introduced,
which proposes that the band fluctuation (which deter-
mines carrier mobility) can be decomposed into various
Fourier components and that downscaling acts as a “high-
pass filter,” which leaves only high-frequency components
with limited amplitudes that indicate a higher mobility.
This preliminary hypothesis is validated in the context of a
nanogap structure, using the model of a-Si:H established in
Paper 1 [25]. It is shown that the intrinsic electron mobility
of a-Si:H in a 10-nm nanogap can be about 12 times that of
a standard macroscale a-Si:H thin film. Device-to-device
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variation is studied, which reveals the importance of main-
taining at least one of the other two dimensions unscaled.
Furthermore, it is analyzed that the mobility improvement
depends on both the extent of downscaling and the length
scale of medium-range order in the amorphous semicon-
ductor. Combined with future device-level optimizations
that resolve nonideality factors, the improvement of intrin-
sic carrier mobility will eventually show up in the proposed
nanoscale TFTs.

The results in this paper are significant in light of the
need to improve the performance of electronic devices
based on amorphous semiconductors. For instance, high-
density high-speed flexible microprocessors may be devel-
oped based on the concept proposed in this paper,
which may find extensive applications in next-generation
wearable electronics with edge computing functionalities.
Hardware development like this is increasingly important
in supporting the soaring development of the IOT.
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APPENDIX A: ANALYSIS OF NANOGAP
MOBILITY VIA PARALLEL CONDUCTION

From the definition, the average conductivity () of a-
Si:H in the nanogap is

IssL

o= ,
Us

(Al)
where /gg denotes the current at a steady state. As defined
earlier, L is the length of the nanogap, U is the applied
voltage, and § is the cross-section area of the nanogap. It
should be noted that the measured /ss is deemed to be the
net current that is contributed to by only the drift motion
of electrons and is exclusive of noise caused by random
thermal motion; it can thus be calculated as

eNd
I = —,
SS T

(A2)
assuming that, as mentioned in Sec. I1I, there are a total of
Ny drift centers passing through R within a sufficient time
To.

Excluding thermal noise and statistical fluctuation, the
average number of drift centers inside R, Ny, is

Ng = LeSig,

_ oo (A3)
ng =/ gr(E)f(E)dE,

Er NG
where, as defined in Sec. III, ggr(E) is the DOS distribu-
tion of a-Si:H inside R, Er NG is the Fermi level of a-Si:H
in the nanogap, and f(F) is the Fermi-Dirac distribution.
It is noted that Ny is far less than unity, considering the
nanoscale Lq and limited DOS. Therefore, the actual num-
ber of drift centers within R temporally varies between 0
and 1. Suppose that the drift center of the ith of the N,
electrons drifts across R for a duration ¢;,. where

_ Leff _ LeffL
wiF U’

i (A4)
with i € [1, Ny] and x; being the unique mobility of the
drift center as it crosses R. Note that although the drift
center only exists in R in our analysis, the corresponding
actual electron carrier is able to span wider over the entire
nanogap. Consequently, the average electric field experi-
enced by the actual electron is still the total field, F, across
the entire nanogap.

An interpretation of the statistical average, Ng, from a
temporal perspective shows that the cumulation of the drift
time of all these Ny electrons is Nz 7. Thus,

Nq
Zl‘,’ = NRT().
i=1

Substituting Egs. (A2) and (A4) into Eq. (A5) yields

(A5)

Nq

Lal - eN,
Yo R (A6)
— U Iss

The average electron mobility of @-Si:H in the entire
nanogap is defined by Eq. (A1) as
IssL

o= —=/en,

US (A7)

where 7 represents the average density of electron carriers
in the entire nanogap, which is

+00
n= fE g(E)(E)dE, (A8)

FNG

with g(£) being the DOS of the entire nanogap [which may
be slightly different from gz(F)]. Integrating Egs. (A3) and
(A7) into Eq. (A6) leads to

Ny
—
Zi=d1 1/

Ellwl

po= (A9)
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APPENDIX B: EQUIVALENT TRANSPORT
ANALYSIS BASED ON Fig. 4

In Fig. 4(a), assume that, throughout the sufficiently long
time Ty, there are a total of n, drift centers that migrate
across R along the sth lane, the j th of which exists in R for
a duration #; ; and exhibits a mobility of z,; withj € [1, n].
Note that n; should be sufficiently large in time T, so the
statistical nature,

>ty = NgsTo, (B1)
j=1

can be exhibited, where, as introduced in Sec. III, NR,S
is the average number of drift centers inside the sth lane
within R, which is quantified by Eq. (12).

As analyzed in Sec. III, the migration of the n; drift
centers across R is statistically equivalent to the discon-
tinuous drift of a single drift center along the sth long lane
in Fig. 4(b). This drift center requires time # 4 to cross the
kth section (of length L.g) in the sth long lane and exhibits
a mobility y; 1, with k € [1, ng]. Given that n; is sufficiently
large, the statistical equivalence can be exhibited, which
yields

(B2)

Ny hg
E ts,k = E tsJ 5
k=1 j=1

with both equal to Ng 7o, considering Eq. (B1). Further-
more, given the same total electric field ' in both Figs.
4(a) and 4(b), U/Lex L is multiplied to both sides of Eq.
(B2), and so

IS |
=) —

Note that the drift along the sth long lane has so far been
considered to be discontinuous, as illustrated in Fig. 4(b).
Now, instead, consider an imagined scenario where the
drift center does continuously drift along the sth long lane
in Fig. 4(b). Such an imagined continuous drift process
includes both the discontinuous drift and the drift across
the surplus gaps, so invoking the lane mobility, i, defined
in Sec. III, we have

el Le SL— L, nL
Yooy = (BY)
= W/Dpsk = Fuse  (U/L)jas

ng 1
2

h=1 Mes ke

(B3)

where k' indexes the drift across each of the surplus gaps,
during which the drift center exhibits a unique mobility,
Usx. F' denotes the electric field that the carrier experi-
ences while the drift center is in these surplus gaps. As
shown in Fig. 5(d), Leg is around half of L, and so it is

reasonably assumed that the migrations of the drift cen-
ter within the surplus gaps are similar to the discontinuous
drift in Fig. 4(b); this leads to the approximations that

’ U
]Z s (BS)
s 1 Ny 1
kgl Wsk kgl Hyp
These simplify Eq. (B4) and lead to
ng 1 B
= (B6)

k=1 Ms k Ms

which can be linked to Eq. (B3). Then Eq. (A9) is equiva-
lently:

nr > ki

n Zf\vil ns/ s .

It should be noted that, for each part of the discontinuous
drift,

= (B7)

Leff

bk = ————, (BY)
sk (U/L)
and so, summing up k& on both sides yields
w Ll < 1
D = o > —. (B9)
k=1 k=1 Mk
Combining this with Eq. (B6),
U
s = s s B10
n= g k (B10)

Thus, Egs. (B1), (B2), and (B10) simplify Eq. (B7) to

_ N, & -
n_R Zs:l NR,SMS
— TN, &
h Zs:l NR,S

APPENDIX C: SIMULATION PROCEDURES

f= (BLT)

Figures 5—7 are based on the 2.5D excess delocalized
charge model developed in Paper 1 [25]. The mobilities in
these figures are obtained in four steps.

First, produce the excess delocalized charge model
for individual nanogaps. This is straightforward; simply
extract the charge values from the original 2.5D model
according to the specifications of nanogap width and
length, and repeat this at different positions in the 2.5D
model to mimic the stochasticity and device-to-device
variation in real fabrication processes.

Second, follow the perturbation strategy developed in
Paper 1 and produce the band fluctuation of a-Si:H in
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individual nanogaps. This relies on the three-dimensional
fast multipole method algorithm (FMM3D, developed by
the Flatiron Institute [46] and adopted in Paper 1), to
accelerate the calculation.

Third, produce the DOS distribution. The DOS distribu-
tions of a-Si:H in the entire nanogap and in R are easily
obtained based on the band-fluctuation result (using the
same perturbation method as that in Paper 1). Afterwards,
the division of lanes is specified according to Egs. (6) and
(10). The DOS distribution of a-Si:H in each lane is then
similarly calculated.

Fourth, calculate the nanogap mobility. This relies on
the virtual film construction in Fig. 4(b), based on which
the nanogap mobility is derived using Eq. (11). The inte-
grations are approximated by summations using an energy
interval of 0.001 eV.

Figure 8 requires extra 2.5D charge models to simulate
different extents of medium-range order. Generating these
charge models entirely follows the procedures detailed in
Paper 1. (i) Start with the generation of a Gaussian array
of random charge values (with standard deviation o). (ii)
Smooth the array using the moving average algorithm; dif-
ferent window dimensions (w) represent different medium-
range orders. (iii) Calculate the band fluctuation using the
FMM3D algorithm. (iv) Produce the DOS distribution of
the respective 2.5D models. (v) Retrospectively adjust o
to alter the respective DOS curves until they match the
DOS curve of the w= 54y model. This ensures the same
macroscale mobility and has the purpose of exclusively
revealing the influence of MRO.

The decomposition in Figs. 1 and 8 is completed using
the built-in Fourier decomposition analysis of OriginPro.
Focus is given to the normalized power distribution, based
on which the cumulative distribution is obtained. To define
what spatial frequencies are “predominant,” a criterium of
a 95% cumulative distribution is used.

Except the FMM3D algorithm, which is conducted in
FORTRAN, all the other computations are done in MATLAB.
Fittings are completed in OriginPro.
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