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The third-generation semiconductor gallium nitride (GaN) has drawn wide attention due to its high electron
mobility property. However, the classical mobility calculation methods such as Hall effect and transfer
length method have limitations in accurately extracting the mobility of GaN High Electron Mobility
Transistor (HEMT) due to their inability to consider the resistance in non-gate region or their high
fabrication costs. This work proposes an effective yet accurate computational-fitting method for

extracting the mobility of GaN HEMT. The method consists of measuring the total resistance between
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Accepted 27th October 2023 source and drain at different gate voltages over a very small range of overdrive voltage variations, when
the sum of the transconductance and capacitance of the device is regarded as constants, and fitting

DOI: 10.1039/d3ra06630d a unique function of the total resistance with respect to the overdrive voltage to determine the carrier
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Introduction

The extraction of electrical parameters is crucial for under-
standing the physical phenomena underlying the operation of
transistors."”® Among these parameters, mobility and contact
resistance play a critical role in assessing the performance of
various transistors.*® The exact extraction of mobility and
contact resistance can not only optimize the design and
manufacturing process, improve the performance and reli-
ability of transistors, but also provide important data for the
study of the physical and electrical properties of materials, and
help the research of materials science and electronic engi-
neering.”® However, when dealing with different device struc-
tures, significant errors may arise when using the deformation
of the classical Sachtang equation to extract these parameters,
especially in the case of devices with considerable size and long
distance between the gate and drain electrodes.’

The extraction of carrier mobility using the Shichman-
Hodges intensive model in the linear region has been a widely
used and straightforward method in silicon-based MOS-
FETs.'®'* Although this model does not account for the effect of
non-gate region resistance, it can still be applied to the source-
drain parasitic resistance of very small silicon-based MOS-
FETs."”" However, Gallium nitride high electron mobility
transistor (GaN HEMT) has a large non-gate region, making it
impossible to ignore the effect of non-gate-down resistance.
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mobility and the non-gate resistance. The feasibility and reliability of the method has been also verified.

Because of the wide bandgap, high electron mobility and other
excellent physical material characteristics of GaN semi-
conductor, GaN HEMT has become a preferred choice for power
amplifiers that require high mobility.***” Therefore, it is crucial
to accurately calculate and extract mobility to evaluate the
performance of GaN HEMT."" However, the mobility calcu-
lated using the Shichman-Hodges model will be affected by the
large non-gate resistance and will no longer be accurate. In this
case, the most straightforward solution is to calculate the
contact resistance or to exclude its effect to accurately extract
the mobility.

The Hall effect method and transfer length method (TLM)
are two of the most common methods for evaluating contact
resistance and mobility, and are also applied to calculate the
carrier mobility of GaN devices. However, each of these
methods has limitations in application. The Hall effect method
can only be applied to the materials that has not been made into
finished products, meaning that it cannot be used to measure
parameters of finished devices.?**> The TLM method is the
most widely used method, which requires specific test areas
with varying pitches on the wafer, and the parameters are
derived from linear fitting results.>** However, it is susceptible
to process non-uniformity and has specific design and flow
requirements. Thus, these classical methods have higher
process requirements and more complex calculations, resulting
in lower accuracy in extracting mobility, compared to the direct
extraction of contact resistance and mobility from the
completed device. Therefore, the development of alternative
and more accurate techniques for extracting these parameters
remains an important area of research in the field of transistor
characterization.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In order to find a simple and cost-effective carrier mobility
extraction method, this work proposes a computational-fitting
method that is based on the fundamental equation and elec-
trical measurements that can accurately extract the mobility of
the device independent of the non-gate resistance. This method
can exclude the influence of non-gate resistance and is partic-
ularly useful for addressing the challenges associated with GaN
HEMTs where precise mobility analysis is difficult due to high
non-gate resistance. Notably, the method proposed exhibits
adaptability to a variety of materials, encompassing a wide
range of emerging materials. Furthermore, the reliability and
stability of this method are also verified through multiple
experimental designs.

Results and discussion

Silicon-based GaN-HEMTs were chosen for demonstrating and
validating the proposed mobility extraction method because of
their large size, particularly the large gate-drain distance, which
results in excessive non-gate resistance and makes it chal-
lenging to obtain accurate mobility using traditional methods.
The GaN-HEMTs were fabricated as shown in Fig. 1. The GaN
single crystal with (111) orientation was grown on the Si
substrate to serve as buffer layer. Subsequently, the AlIGaN/AIN/
i-GaN heterostructure was synthesized using the metal-organic
chemical vapor deposition (MOCVD) method. The AlGaN layer
was 24.5 nm thick, and the AIN layer measured approximately
0.7 nm in thickness. The cap layer was GaN (3 nm) and the gate
dielectric layer was Siz;N, (35 nm). SiO, (300 nm) was used as
passivation layer to isolate each device.

Fig. 2 displays the measured transfer and output character-
istics, as well as stable capacitance-voltage (C-V) characteris-
tics, which are crucial for the proposed extraction method.

The total source-drain resistance of GaN HEMT consists of
the sub-gate resistance and the non-gate region resistance,
which can be expressed as:

RSD = 2Rcontact + RGS + RGD + Rchanl‘lel (1)

Rchanner 1S the channel resistance under the gate, which is
controlled by the gate voltage. R ontact iS the contact resistance.

Sourcs Gate SiO, Drainl
Si0,
& GaN cap &
i AlGaN
== AN
i-GaN
GaN buffer

Si substrate

Fig. 1 Schematic illustration of GaN-HEMTs device structure and the
composition and distribution of total source—drain resistance.
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Fig. 2 The basic electrical performance of GaN-HEMTSs. (a) Transfer
characteristic measured at 0.1 V drain voltage. (b) Output character-
istics with gate voltage ranging from —10 V to 0 V. (c) C-V charac-
teristics measured at the frequency of 100 kHz.

Rgs is the resistance between gate and source. Rgp is the resis-
tance between gate and drain. These resistances have constant
magnitudes under DC stability and can therefore be treated as
constants, which can be expressed as:

Rconstam = 2Rconlzlct + RGS + RGD (2)

Therefore, the influence of Reontact, Rgs, Rgp can be excluded
by treating them as a constant Rconstant- AS @ result, the total
resistance between source and drain can be expressed as

RSD = Rconstant + Rchannel (3)

The basic current equation could be expressed as
AI = AQuE (4)

where AQ is the number of carriers passing through a unit
section, E is the intensity of electric field, and u is the carrier
mobility. The transfer characteristic was measured at Vp =
0.1 V, which is at least one order of magnitude lower than Vgg
allowing the voltage on gate capacitor to be approximately equal
to Vgs. Based on this test setup, it is evident that the current
variation is stable with the stability of transconductance, and
the charge variation is stable with the stability of capacitance.
Given that

AQ = Co AVgs (5)
Al = gnAVas (6)

The current equation could be transformed into

VGT Uch

IDS = CDXTG LG 1

(7)
where Vgr is the overdrive voltage, U,y is the voltage of channel

under gate along source and drain direction, Lg is gate length.
Rchannel could be obtained through
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R o Ucn o LGZ
hannel = 57— = S~ 1,
cranne Ips Cox VT

(8)

The final result could be brought out by bring Formula (6)
back to Formula (1)

L5?

Rsp = —o—
sp Cox VGTFL

+ Rconstam (9)

A linear relationship was established between Rgp and p,
where Rsp could be directly obtained from the measurement
results. The mobility and non-gate resistance could be calcu-
lated from the slope and intercept, respectively.

Fig. 3 illustrates in detail the computational-fitting method
and the corresponding results. Initially, the transfer character-
istics were measured at Vp = 0.1 V, and V ranging from —15V
to 0 V in 0.1 V increments, yielding a stable I, and a corre-
sponding gate voltage range. Then Rgp was measured based on
the above-obtained Vg range, where Vgg changes from —6 V to
—4 V with 0.1 V increments, and Vp, ranges from 0 to 0.3 V to
ensure the quasi-static conditions, allowing carrier mobility and
electrical field in channel to be approximately constant.>® The
final fitting results demonstrate that this HEMT device has
a mobility of approximately 302.3 cm® V™' s, and a non-gate
resistance of 1531 Q.

Fig. 3 illustrates in detail the computational-fitting method
and the corresponding results. Initially, the transfer character-
istics were measured at Vp = 0.1 V, and V ranging from —15V
to 0 V in 0.1 V increments, yielding a stable I, and a corre-
sponding gate voltage range. Then Rgp was measured based on
the above-obtained Vg range, where Vg changes from —6 V to
—4 V with 0.1 V increments, and Vp, ranges from 0 to 0.3 V to
ensure the quasi-static conditions, allowing carrier mobility and
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Fig. 3 The fitting process of mobility and non-gate resistance. (a)
Transfer characteristics measured at Vp = 0.1 V, (b) /p measured at
a small range of Vp. (c) Rsp measured with gate voltage ranges from
—6V to —4 V. (d) A comparison of Rsp between fitting and measured
results.
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electrical field in channel to be approximately constant.”” The
final fitting results demonstrate that this HEMT device has
a mobility of approximately 302.3 cm® V™' s~', and a non-gate
resistance of 1531 Q.

A series of experiments were conducted to verify the feasi-
bility and stability of the computational-fitting approach. The
device mobility and non-gate resistance were calculated by
fitting within the V, range of —6 V to —4 V. The resulting values
were then substituted into the fitted model (eqn (9)) to derive
the electrical characteristics of the entire device. This allows for
the derivation of the electrical characteristics of the device
outside of this measurement range (i.e., V outside of —6-—4V)
based on the calculated values. The transfer characteristic curve
of the HEMT device back-propagated by this method is depicted
in Fig. 4. The fitting characteristic curve shows high consistence
with the actual measured result of the HEMT device, demon-
strating that the computational-fitting method is reliable and
also an effective method for accurately determining the elec-
trical characteristics of HEMT devices beyond the measurement
range.

Moreover, to ensure the robustness of the computational-
fitting approach, 50 sets of carrier mobilities and non-gate
resistances were extracted from the same HEMT device
using the fitting method for 50 times, as shown in Fig. 5. The
resulting 50 sets of mobility data exhibited a small standard
deviation of 6.1 cm® V™' s™! and a mean value is 336.2 cm®> V™"
s~ !, with a concentrated data distribution and a fluctuation of
only 1.8%. Similarly, the 50 sets of non-gate resistance data
had a small standard deviation of 3.7 @ and a mean value of
1521 Q, with a fluctuation of only 0.3%. These results
demonstrate that there is no correlation between the
measurement series and the fitting results, validating the
stability of the computational-fitting approach. Furthermore,
50 HEMT devices have been tested to evaluate robustness
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Fig. 4 The feasibility of computational-fitting method. (a) and (b)
show the computation and fitting process, in which mobility and non-
gate resistance were obtained. (c) and (d) show the electrical char-
acteristics in logarithmic and linear coordinates, respectively, which
were reversely derived from the computational-fitting method to
verify the accuracy.
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Fig.5 The reliability of computational-fitting method. (a) and (b) show
the measurement results of mobility and non-gate resistance for 50
times. (c) and (e) show the distribution of mobility and non-gate
resistance respectively using box plots. (d) and (f) show the normal
distribution of mobility and non-gate resistance respectively.

when accounting for device-to-device variation. The mean
values for mobility and non-gate resistance are 301.6 cm” V"
s™' and 1365.6 Q, respectively. The standard deviation
(sigma) for mobility and non-gate resistance stands at 7.1 cm?
v~ 's7! and 4.9 Q, exhibiting a mere 2.3% and 0.4% fluctua-
tion, underlining the exceptional robustness of this method
in accommodating device-to-device variations. Therefore, this
method is reliable and can be applied to accurately determine
the carrier mobilities and non-gate resistances of HEMT
device.

Conclusions

In summary, this work demonstrated an effective method for
extracting carrier mobility from GaN HEMT device using
a computational-fitting technique based on the fundamental
current equation and actual electrical measurements. The
proposed method achieves high accuracy, simplicity, and low
cost compared to traditional methods. It is particularly useful in
cases where the non-gate region is quite large and the effect of
non-gate resistance cannot be ignored. The proposed
computational-fitting method has also been verified to exhibit
excellent reliability and stability without any negative impact on
the calculation of GaN HEMT mobility. Therefore, it is a valu-
able method for accurately determining carrier mobility in such
devices. Overall, this work presents a significant contribution to
the field of GaN HEMT device characterization and provides
a valuable tool for future research in this area.
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