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Random Dopant, Line-Edge Roughness and Gate

Workfunction Variability in a Nano InGaAs FinFET
N. Seoane, G. Indalecio, E. Comesaña, M. Aldegunde, A. J. Garcı́a-Loureiro and K. Kalna

Abstract—A 3D quantum-corrected drift-diffusion simulation
study of three sources of statistical variability including discrete
random dopants (RD), line-edge roughness (LER) and metal gate
workfunction (MGW) was performed for a 14 nm gate length
In0.53Ga0.47As FinFET in the subthreshold region using Fermi-
Dirac statistics. The study has been done at both low (0.05 V) and
high drain biases (0.6 V). The LER variability is characterised
by the root mean square amplitude (∆) and correlation length
(Λ), and the MGW variability by the metal grain size (GS). The
RD induced variation σVT = 6 mV is similar to that observed in
Si SOI FinFETs. The LER induced threshold voltage variations
(σVT < 6 mV ) are similar to RD variations when ∆=1 nm, and
smaller than the observed in Si SOI FinFETs (around 18 mV).
For larger ∆, the LER exhibits σVT ranging from 11 mV when
Λ=10 nm and ∆=2 nm to 19 mV when Λ=20 nm and ∆=3 nm.
The MGW variations are the dominant source of variability in
the subthreshold characteristics, the σVT ranges from 106 mV
when GS=10 nm to 43 mV when GS=3 nm which is larger than
those observed in equivalent TiN metal-gate Si FinFETs.

Index Terms—Intrinsic parameter fluctuations, random
dopant, line-edge roughness, gate workfunction variability, III-V
materials, FinFETs.

I. INTRODUCTION

TRANSISTORS with channels based on III-V compounds

are intensively researched [1], [2] due to their high

injection velocity and electron mobility [3], [4] which can be

more than 10 times larger than in Si devices for the same

sheet density. The III-V channels combined with a multigate

structure mitigate the negative effects of the low density

of states of III-V semiconductors making them promising

candidates for the 14 nm technology node and beyond [5].

However, a major issue affecting scaling and integration

of any nano-transistor is the device variability that affects its

characteristics. Even though a multigate structure ensures a

much better control of the carriers in the channel, variability

effects in the subthreshold region might limit their integration

into CMOS technology [6]. Among them, random dopant

(RD) fluctuations, line-edge roughness (LER) and metal-gate

workfunction (MGW) variations have the strongest effect on

the performance and reliability of both Si and III-V channel

based nano-MOSFETs fabricated using planar [7], [8] or non-

planar architectures [9], [10]. III-V non-planar transistors may
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Fig. 1. Schematic view of the 14 nm gate length III-V FinFET showing the
tetrahedral mesh.

Fig. 2. ID-VG characteristics comparing results from the 3D quantum
corrected DD simulations (DD-DG) to NEGF Silvaco simulations.

be potentially more resilient to variability than the correspond-

ing Si devices as reported recently for the 22-nm technology

node [11].

In this work, we study the RD, LER and MGW fluctuations

affecting the subthreshold region of a 14 nm gate length

In0.53Ga0.47As FinFET. We simulate the variability in device

threshold voltage (VT ), off-current (IOFF ), subthreshold slope

(SS) and drain-induced-barrier-lowering (DIBL) at both low

and high drain biases. The simulations have been performed

using our established 3D drift-diffusion (DD) simulation ap-

proach for III-V materials [7], [9] that uses Fermi-Dirac

statistics and incorporates the quantum mechanical confine-

ment effects using a finite-element (FE) implementation of

the density gradient (DG) model [12].
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II. DEVICE STRUCTURE AND CALIBRATION PROCESS

Fig. 1 depicts the structure of the simulated III-V FinFET.

The device has a gate length of 14 nm, an In0.53Ga0.47As chan-

nel, p-type doped to 1017cm−3, 14 nm n-doped source/drain

(S/D) regions, a fin width of 8.5 nm and a fin height of

21.25 nm (assuming a ratio ∼ 1 : 2.5). The body of semi-

conductor is surrounded by a high-κ dielectric with an equiva-

lent oxide thickness (EOT) of 0.68 nm and by a 10 nm buried

oxide (BOX). All the device dimensions follow the scaling

predictions for III-V FinFETs given by ITRS 2011 [13].

The S/D doping was generated using an analytical profile

with a peak value of 5x1019cm−3 and a Gaussian decay of

δ=2.5 nm. Fig. 1 also shows the tetrahedral mesh used in all

the simulations except for the MGW variability, that required

a more refined mesh in the metal gate region.

In this study, we use our in-house parallel 3D FE DD device

simulator [7] that incorporates the quantum confinement ef-

fects via an optimised FE density gradient approach for multi-

gate transistors [14]. Considering the level of degeneracy in the

S/D regions of the semiconductor, we have to consider Fermi-

Dirac statistics in our simulations [15]. We calibrate the DD

simulator in the subthreshold region by matching its ID-VG

characteristics against Silvaco’s 3D ballistic non-equilibrium

Green’s function (NEGF) simulations [16] at both low and

high drain biases, as can be seen in Fig. 2, with a very good

agreement in the subthreshold region.

The electron effective masses in the In0.53Ga0.47As region

and in the oxide used in the DG approach act just as cali-

bration parameters [9], [17], representing the strength of the

confinement. An increase (decrease) in these masses along

the y and z-directions will reduce (increase) the transversal

confinement of the electrons in the channel producing a

threshold voltage shift. The mass in the x-direction partially

accounts for the source-to-drain tunnelling in the subthreshold

region. An increase (decrease) in this mass will be reflected in

an improvement (worsening) in the subthreshold slope of an

ID-VG characteristic. Note that since these electron effective

masses are just fitting parameters they have no relation with

the transport effective masses in InGaAs. At a low drain bias

of 0.05 V, the electron effective masses were set to 0.30m0 in

x, y and z-directions. At a high drain bias of 0.6 V, the electron

effective masses were determined to be 0.14m0 in x-direction,

and 0.01m0 in y and z-directions. The effective mass for the

oxide was set to 0.2m0 for both low and high VD.

The 14 nm In0.53Ga0.47As FinFET device shows excellent

off-state characteristics with a subthreshold slope (SS) of

70 mV/dec and a drain-induced barrier lowering (DIBL) of

37 mV/V. The threshold voltages of the device obtained

from linear extrapolation at drain biases of 0.05 and 0.6 V

are VT low=0.18 V and VT high=0.2 V, respectively. The work

function of the metal was set to 4.7 eV.

III. SIMULATION METHODOLOGY

We have obtained the LER profiles from the Fourier syn-

thesis method, as described in [8], parameterised by the

correlation length (Λ=10 and 20 nm) and the root mean square

(∆=1, 2 and 3 nm) [11], [18], [19]. The method is based on the
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Fig. 3. (a) Iso-surfaces showing the current density along the x-direction
inside the In0.53Ga0.47As device body for a particular LER profile at VG=VT

and VD=0.05 V, (b) Electrostatic potential inside the In0.53Ga0.47As region
for a pattern of RDs at VG=VT and VD=0.05 V and (c) Example of the metal
gate workfunction variation for a 3 nm grain size.

inverse discrete transformation, and consists on the application

of a Gaussian filter over a list of random phases. The width of

the Gaussian filter will account for the correlation length, and

the amplitude will set the root mean square value. To model the

Fourier spectra, we use the following autocorrelation function:

SG(k) =
√

π∆
2
Λe(−k2Λ2/4) (1)

In this study, we simulate the influence of uncorrelated fin edge

roughness. Fig. 3(a) represents the current density along the

transport direction for a particular LER profile with Λ=20 nm

and ∆=2 nm at the threshold voltage gate bias.

To model the RD variability, we have obtained different

device configurations with different positions of dopants in the

In0.53Ga0.47As region by implementing a rejection technique

from the device with the analytical doping profile (continuous

device). Fig. 3(b) shows an example of the potential distribu-

tion generated by a particular configuration of random dopants

inside the semiconductor at VD=0.05 V and VG=VT.

To model the dependence of the metal gate workfunction

on the granularity [20], [21], [22], we follow the methodology

described in [23]. We calculate a Voronoi diagram of a set of

randomly generated points, which varies the size and shape of

the grains. We assign a certain orientation to each polygon

based on the experimental probability of occurrence. This

approach provides a more realistic physical representation of

the grains than the usual square grain approximation [23].

The device has a WN metal gate. For this particular metal

gate we have to define four possible orientations of the grains

with MGWs of 4.5, 4.6, 5.3 and 4.2 eV, and probabilities

of occurrence 65%, 15%, 15% and 5%, respectively [24].

We study four average grain diameters (10, 7, 5 and 3 nm).

Fig. 3(c) shows the effect of a Voronoi profile, for a 3 nm

average grain diameter, in the gate workfunction potential of

the device.

We have simulated ensembles of 300 device configurations

for each source of variability and for each fluctuation pa-

rameter, extracting their average values (mean) and standard

deviations (σ). To estimate the threshold voltage, we have

used a constant current criterion (IT = 7.5 × 10−7 A and

3.0×10−6 A at VD=0.05 V and 0.6 V, respectively). To extract

the DIBL, we have consider the barrier lowering at the point

where VG=VT and VD=0.05 V.
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Fig. 4. VT , SS and IOFF standard deviations due to LER fluctuations as a
function of Λ, ∆ and the drain bias. The corresponding variability data for a
13 nm gate length Si inversion-mode FinFET (when Λ=15 nm) [19] has been
included for comparison (blue triangles).

A. Line edge roughness variability

Fig. 4 shows the threshold voltage, subthreshold slope, and

off-current standard deviations due to the LER variability as

a function of Λ, ∆ and the applied drain bias. As expected,

the standard deviations in the three figures of merit increase

when Λ or ∆ are increased. At low drain bias, the observed

VT standard deviation is approximately linearly proportional

to the root mean square amplitude of the LER and can reach

up to 19.4 mV for Λ=20 nm and ∆=3 nm. At VD=0.6 V, for

∆ values lower than 3 nm, the threshold voltage variability

is slightly larger than at low drain bias and follows the same

trend. However, when ∆=3 nm, the VT standard deviation is

lower at high drain than at low drain bias. The increase in

the drain bias also leads to an increase in the SS variability,

with the SS standard deviations twice as large, reaching up to

3.7 mV/dec for Λ=20 nm and ∆=3 nm.

Table I shows the LER induced VT , SS, IOFF and DIBL

shifts for the different Λ and ∆ values at high drain bias. In

order to clarify the terminology used, we define, for a given

variable X, the Xshi f t as the difference between the mean value

of the statistical sample, 〈X〉, and the value of the magnitude

for the continuous device, X0. There is a linear increase in

VT shi f t with ∆ which is slightly larger for Λ=10 nm. VT shi f t

is always positive and ranges from 11 mV when Λ=20 nm and

∆=1 nm to 41 mV when Λ=10 nm and ∆=3 nm. The shift in

the SS is very small, with up to an 6% change when Λ=20 nm

and ∆=1 nm. The DIBLshi f t increases with an increase in the

correlation length and with a reduction in the ∆ value, reaching

up to 15 mV/V.

The LER induced VT variations (for ∆=1 nm and Λ=20 nm)

are smaller at both low and high drain biases than the ones

observed in a 13 nm gate length Si inversion-mode (IM)

FinFET (for the same ∆ and Λ=15 nm) [19]. The standard

TABLE I
LER INDUCED VT , SS AND IOFF SHIFTS AT A DRAIN BIAS OF 0.6 V AND

THE CORRESPONDING SHIFT IN THE DIBL. FOR THE FOUR FIGURES OF

MERIT, THESE SHIFTS REPRESENT THE DIFFERENCE BETWEEN THE MEAN

VALUE OF THE STATISTICAL SAMPLE AND THE VALUE OF THE MAGNITUDE

FOR THE CONTINUOUS DEVICE.

Λ ∆ VT shi f t SSshi f t log10(IOFF )shi f t DIBLshi f t

(nm) (nm) (mV) (mV/dec) (A) (mV/V)

1 12 3.7 0.025 14
10 2 27 -2.3 -0.26 9.1

3 41 -2.8 -0.52 7.3

1 11 4.2 0.049 15
20 2 24 1.0 -0.19 11

3 36 -1.3 -0.41 8.9

deviations for VT are very affected by the drain bias in the

Si IM FinFET (σVT rises from 8.1 mV at VD=0.05V to

22.9 mV at VD=0.73V). However, for the InGaAs FinFET, the

augmentation in σVT with VD is very small (σVT rises from

5.9 mV at VD=0.05V to 6.4 mV at VD=0.6V). Comparing

the other figures of merit for both device technologies at

high drain bias, we observe that the standard deviations are

also lower for the SS (σSS of 1.93 mV/dec for the InGaAs

FinFET versus 3.44 mV/dec for the Si IM FinFET), the off-

current (σIOFF=18.4 nA/µm for the InGaAs FinFET versus

29.2 nA/µm for the IM Si FinFET) and the DIBL (σDIBL of

3.06 mV/V for the InGaAs FinFET versus 15.5 mV/V for the

Si IM FinFET). These results show that the electron density is

much better confined in the channel of the 14 nm gate length

InGaAs FinFET than in the equivalent gate length Si devices

making the device more resilient to the variability.

Figs. 5(a) and (b) represent the normal Q-Q plot of the

VT distribution due to LER for Λ=10 nm and Λ=20 nm,

respectively, as a function of ∆ and the theoretical quantiles

from the normal distribution (black dashed lines). These results

have been obtained at VD=0.6 V. For ∆=1 nm, the data are

close to a Gaussian distribution. When ∆ increases we observe

a shift in the curves, associated with an increase in the mean

value of the distribution (see Table I for the exact figures

of the threshold voltage shift). When ∆ increases the data

moves away from a Gaussian distribution in the tails, and

the slope of the curves, which is proportionally related to the

standard deviation of the distribution, increases. The change

in the slope, and consequently the increase in σVT , is more

pronounced when ∆ rises from 1 nm to 2 nm than from 2 nm

to 3 nm [see Fig. 4(a)].
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Fig. 5. Quantile-quantile plots of the VT distribution due to LER variability
for Λ=10 nm (a) and Λ=20 nm (b). The theoretical quantiles from the normal
distribution are also represented (black dashed lines).
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Fig. 6. Scatter plots showing the DIBL variation as a function of VT , at
both low and high drain biases, due to LER, RD and MGW fluctuations.

Fig. 7. Distribution of threshold voltages, subthreshold slopes and off–
currents due to RD fluctuations in the In0.53Ga0.47As region. The mean value
of the statistical ensemble and the continuous device value are also indicated
for comparison.

Fig. 6 shows the DIBL variation with VT , at both low and

high drain biases, due to LER (for three different Λ and ∆

combinations), RD and MGW (for two different grain sizes)

variability. When ∆=1 nm (see top two figures), the DIBL

variation is very small (of around 3 mV/V for both Λ=10 nm

and 20 nm) and it shows negative correlations with both VT low

and VT high, exhibiting correlation coefficients (CC) of -0.5 and

-0.7, respectively. When ∆=3 nm (middle figure in the left

column), the variability in the DIBL triples and the correlation

with the threshold voltages fades away (the CC are -0.1 and

-0.4 with VT low and VT high).

B. Random dopant variability

Fig. 7 shows the VT , SS and IOFF variability due to

the combined effect of n-type dopants present in the S/D

regions and p-type dopants distributed along the channel.

At VD=0.6 V, the spreads in VT , SS and log10(IOFF ) are

6.3 mV, 1.3 mV/dec and 0.089, respectively. The RD induced
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Fig. 8. VT , SS and IOFF standard deviations due to MGW fluctuations as a
function of the grain size and the supply voltage. The σVT for a TiN metal-
gate FinFET with the equivalent gate length [10] is also shown for comparison
(blue triangles). Note here that the difference in workfunctions between the
two different grain orientations in the TiN metal-gate is 0.2 V, while for the
WN metal-gate the largest difference in workfunction values is 1.0 V.

VT , SS and log10(IOFF ) shifts are 14 mV, 5.1 mV/dec and

0.080. The distributions are close to a normal distribution and

their standard deviations are very similar to those observed

in the LER variability when ∆=1 nm. σVT is dramatically

reduced compared to planar bulk MOSFETs [6] thanks to the

superior electrostatic integrity and tolerance to the low channel

doping in the FinFET structure. The spread in VT is similar

to those observed in equivalent gate length FinFETs on SOI

substrate [10]. On the other hand, the standard deviation of

the DIBL is 6.4 mV/V, a value twice as large as the one

observed in the LER variability when ∆=1 nm. Similarly, the

RD induced DIBL shift (19.5 mV/V) is larger than in the

LER variability independently of the ∆ value. Fig. 6 shows

the DIBL variation as a function of VT low and VT high due to

RD (middle figure in the right column). The DIBL has weak

correlations with the threshold voltage, which are positive for

VT low (CC=0.5) and negative for VT high (CC=-0.3).

C. Metal gate workfunction variability

Fig. 8 shows the threshold voltage, subthreshold slope, and

off-current standard deviations due to the MGW variability

as a function of the grain size and the applied drain bias.

As expected, the standard deviation of the three figures of

merit increases with a growing metal grain diameter. At high

drain bias, the increase in the grain size from 3 nm to 10 nm

increases the spread in VT , SS and log10(IOFF ) by 2.5, 4.3
and 2.3 times, respectively. The impact of the VT fluctuations

increases slightly with the applied drain bias up to a grain

size of 10 nm, where σVT at low and high drain biases is

almost identical (σVT =106 mV). This is due to the smaller

effective gate affected for the variability when VD=0.6 V [see

Fig. 9(a)]. σlog10(IOFF ) is less affected by the drain bias
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TABLE II
MGW INDUCED VT , SS AND IOFF SHIFTS AT A DRAIN BIAS OF 0.6 V AND

THE CORRESPONDING SHIFT IN THE DIBL. FOR THE FOUR FIGURES OF

MERIT, THESE SHIFTS REPRESENT THE DIFFERENCE BETWEEN THE MEAN

VALUE OF THE STATISTICAL SAMPLE AND THE VALUE OF THE MAGNITUDE

FOR THE CONTINUOS DEVICE.

Grain size VT shi f t SSshi f t log10(IOFF )shi f t DIBLshi f t

(nm) (mV) (mV/dec) (A) (mV/V)

10 31 0.40 0.64 67
7 8.5 0.73 0.46 28
5 42 1.0 0.099 11
3 40 1.5 -0.020 2.8

and it can reach up to 1.23. At high drain bias, we observe

that the MGW variability (for the 10 nm grain size) induced

threshold voltage and off-current standard deviations are 6

and 3 times larger, respectively, than the worst-case-scenario

LER values (Λ=20 nm and ∆=3 nm). The SS variability also

increases with the applied drain bias, observing SS standard

deviations up to 2.9 mV/dec when GS=10nm. Note that

we have obtained higher SS variability values due to LER

variability when Λ=20 nm and ∆ >1 nm. An equivalent gate

length TiN metal-gate Si FinFET with a 10 nm grain size

has the σVT significantly smaller (around 40 mV) [10] than

that observed for the III-V FinFET (106 mV). TiN metal

grains have 2 different possible grain orientations with MGW

spanning 0.2 eV. The WN metal grains have a larger difference

in their workfunctions (of around 1.0 eV), which explains a

larger variability observed in the III-V FinFET.

Table II shows at VD=0.6 V, the MGW induced VT , SS,

IOFF and DIBL shifts for the different grain sizes. The

maximum VTshi f t is 42 mV, a similar value that the one

obtained for the LER variability when Λ=10 nm and ∆=3 nm.

There is a increase in the SS shift with an reduction in the

grain size, and the shift values are similar or even smaller

than the ones observed in the LER variability. The log10(IOFF )

and DIBL shifts increase with an increase in the grain size,

reaching up to 0.64 mV/V and 67 mV/V when GS=10 nm,

respectively.

Figure 9(b) shows the normal Q-Q plot of the VT distri-

bution due to MGW variability for different grain sizes at

VD=0.6 V. The theoretical quantiles from the normal distri-

bution are also represented (black dashed lines). For small

metal grain sizes [see Fig. 9(b), the case GS=3 nm], VT

approximates to a Gaussian distribution. Note that for this

case the plot is close to be linear. An increase in the grain size

leads to an increasing deviation of the Gaussian behaviour in

the tails due to the bounded nature of the distribution.

Fig. 6 shows the DIBL variation as a function of VT low

and VThigh due to MGW at two different grain sizes: 10 nm

(bottom figure in the left) and 3 nm (bottom figure in the

right). The DIBL shows very strong negative correlations with

the threshold voltage, that are slightly larger for the 3 nm grain

size (CC are -0.89 and -0.94 with VT low and VT high) than for

the 10 nm one (CC are -0.83 and -0.9 with VTlow and VT high).

The correlation of the VT is stronger for the MGW than for

the other analysed sources of variability. The DIBL standard

deviation is also larger for the MGW variability (36 mV/V for
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Fig. 9. (a) Source to drain conduction band profiles along the middle of
the III-V FinFET device at VG=VT . The gate is enclosed between the blue
dot lines. (b) Quantile-quantile plots of the VT distribution due to MGW
variability for three different grain sizes.
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Fig. 10. Quantile-quantile plots of the VT distribution due to LER, MGW,
RD and the combined (LER+MGW+RD) variability for Λ=10 nm, ∆=1 nm
and GS=5 nm (a) and for Λ=20 nm, ∆=3 nm and GS=3 nm (b).

GS=10 nm), since the drain field decreases the channel barrier

in the end closer to the drain [see Fig. 9(a)], and it will be

affected by surface potential variation.

For the WN gate, the MGW variability is the dominant

source of fluctuations in III-V FinFETs as compared to RDs

and LER. The MGW variability (for a GS=10 nm) induced

VT standard deviations can be up to 17 times larger than the

RD and LER (when Λ=10 nm and ∆=1 nm) fluctuation values.

D. Combined RD, LER and MGW variability

Finally, we have analysed the overall variability at a

high drain bias when the three sources of fluctuations

(RD+LER+MGW) are included at the same time. We have

selected two variability-source parameter combinations: i)

Λ=10 nm, ∆=1 nm and GS=5 nm (minimum LER and an

intermediate MGW case, to avoid masking completely the

effect of the other two sources of variability), and ii) Λ=20 nm,

∆=3 nm and GS=3 nm (maximum LER and minimum MGW

observed standard deviations).

Figs. 10(a) and (b) show the normal Q-Q plots of the VT

distribution due to the combined RD+LER+MGW variability

for cases i) and ii), respectively. The combined VT spread

for case i) is 74 mV and the induced VT shi f t is 75 mV.

For this combination, the results are completely controlled

by the MGW, and there is a negligible influence from the

other sources of variability. In Fig. 10(a), both the MGW and

the combined case i) have a similar slope and they are just

shifted versions of each other. However, in Fig. 10(b) there is

a noticeable influence of the LER variability leading to a larger

change both in the slope and the VTshi f t value for the case ii).

The combined standard deviation and shift in the threshold
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voltage for this case are 57.2 mV and 113 mV, respectively.

These values are much larger than the statistical sum of the

three quantities.

IV. CONCLUSION

We have presented a statistical analysis of three sources

of intrinsic parameter fluctuations, RD, LER and MGW,

affecting a 14 nm gate length III-V FinFET. We have analysed

the influence of four figures of merit influencing the sub–

threshold region: subthreshold slope, threshold voltage, off–

current and drain-induced-barrier-lowering at both low and

high drain biases. The simulations have been performed using

our 3D drift–diffusion simulation approach for III–V materials

that incorporates i) Fermi-Dirac statistics to accurately model

heavily doped source/drain and ii) quantum corrections using

the density gradient approach to mimic the effect of quantum

confinement. We have found a dramatic reduction in the RD

statistical variability, σVT = 6 mV, when compared to planar

bulk MOSFETs, and a very similar value to that observed in

equivalent gate length FinFETs on SOI substrate. The LER

induced variations are very small and similar in magnitude to

the RD fluctuations when ∆=1 nm. For larger ∆s, the LER

variability increases, showing spreads in VT of up to 19 mV,

which is significantly smaller than the variability reported

for the 13 nm Si FinFETs [19]. The MGW variability is a

dominant source of fluctuations, having a considerable impact

on the device characteristics. For the 10 nm grain size, σVT is

over 100 mV, a much larger value than that in SOI FinFETs

(σVT around 40 mV) [10].

To conclude, the variability due to RD and LER in InGaAs

FinFETs is comparable or smaller than in the corresponding

Si devices, as also observed in [11]. However, the use of WN

as a metal gate for the InGaAs FinFETs gives extremely large

MGW variability in the device characteristics. This is due to

the span of 1.0 eV in the workfunctions of the different grain

orientations, much larger than that of TiN, used in Si FinFETs

(0.2 eV). Therefore, the WN metal gate looks unsuitable for

application in III-V FinFETs.
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