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Abstract— In this work, we explore the output-
conductance function (G-function) to interpret the device
characteristics of two-dimensional (2D) semiconductor
transistors. Based on analysis of the device output
conductance, the carrier mobility, and the channel as well
as contact resistance are extracted. Thereafter the current-
voltage (IV) characteristics of black phosphorous (BP)
and MoS2 transistors from room to low temperature are
modeled and compared to experiments. The G-function
model proves its reliability and accuracy in parameter
extraction and IV modeling of 2D transistors, regardless
of the n- or p- type, the short- or long-channel and the
Schottky or Ohmic contact. Moreover, this works shows
its high potential in the device modeling and further circuit
design of the 2D transistors, requiring only few parameters
and simulating precise IV characteristics.

Index Terms— Two-dimensional (2D) transistor, output
conductance, low temperature, contact resistance, carrier
mobility, Schottky contact.

I. INTRODUCTION

TWO-DIMENSIONAL (2D) semiconductor field-effect
transistors (FETs) have attracted large interest, owing

to the reasonable high carrier mobility, the dangling bond-
free surface etc. of 2D materials like graphene, black phos-
phorous (BP) and MoS2 [1]–[5]. However, the difficulty to
dope the 2D semiconductors and the existence of intrinsic
defects could lead to high contact resistance as well as
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contact barrier, which are crucial for precisely interpreting
the device characteristics and extracting the corresponding
parameters, e.g. carrier mobility, threshold voltage [6]–[8].
Arguments have often arisen while using transfer-line method
(TLM), transconductance Y function or output-conductance
G function [9]–[11]. Several (at least two) different lengths
need to be constructed to extract contact resistance in TLM,
while keeping all other details the same; on the other
hand, in Y-function model, the contact resistance can not be
exactly excluded while extracting the carrier mobility. There-
after, the mobility can be overestimated or underestimated
owing to effect of the contact barrier and resistance effect,
so that excessive parameters dispersions and deviations were
reported [12], [13].

In this letter, for the accurate parameter extraction and
device modeling, a universal non-linear G-function method has
been explored in the 2D transistors. And, the contact (Rc) and
channel resistances (Rch), the mobility (μ) and the threshold
voltage (Vth) are extracted by simply measuring a output
curve in the linear region [11] (Section II). Both simulations
and experiments are compared in order to demonstrate that
this approach provides physical insight as well as reliable
parameter extraction (Section III), for robust analysis of the
Ohmic and Schottky contact, the short- and long-channel,
and the n- and p-type 2D transistors in a wide range of
temperatures and materials.

II. PHYSICAL FUNDAMENTAL AND METHODOLOGY

A. Output Characteristics in 2D Transistors
Bottom-gated 2D transistors have been fabricated and

measured in [12], [14]–[16], where the source electrode is
grounded (Vs = 0 V). Fig. 1 depicts the output curves
(Id -Vd) and the corresponding output conductance(G =
Id /Vd) of a BP transistor with channel length of 3.0 μm,
operating at room temperature (RT) of 298 K and low
temperature (LT) of 11 K. The BP flake was mechanically
exfoliated from the bulk BP crystal, and transferred onto
a heavily p-doped Si substrate with a 30 nm-thick HfO2
dielectric [12]. The non-ohmic injection (e.g. Schottky barrier
contact) is formed in the BP transistor, leading to the bell-
shaped G curves at LT are observed in Fig. 1d. Similar
Schottky barrier diode (SBD) effect was also observed in
MoS2 transistors [8], [14]. In such cases, how to extend the
general approach of G-function model to precisely interpret
the device performances, regardless of the contact barrier or
resistance? That remains unknown to our best knowledge, and
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Fig. 1. Output characteristics (a-b) and output conductance G (c-d) of
a BP transistor, at RT (298 K) and LT (11 K).

Fig. 2. Contact resistance Rc, channel resistance Rch, mobility µ as a
function of drain bias Vd and gate bias Vg, in a BP transistor at LT.

highly demanded for the device modeling and circuit design
of 2D transistors [17]–[19].

B. G-Function Model (for Linear and Non-Linear Cases)
In a FET, the total resistance R (i.e. R = 1/G) is generally

regarded as a combination of Rc and Rch (inset to Fig. 2a).
Rc is considered as a combination of the interfacial injection
resistance Rc,int and the bulk injection resistance Rc,bulk , and
mainly modulated by the drain and gate fields, i.e. Rc (Vg , Vd)
while the source is grounded [11]. Rch , in the above-threshold
regime and when |Vd | <

∣∣Vg − Vth
∣∣ |Vds| <

∣∣Vg − Vth
∣∣,

increases with Vd and Vg , i.e. Rch (Vg , Vd), as typically
expressed by:

Gch = 1

Rch
= CL · μ ·

∣∣
∣
∣Vg − Vth − Vd

2

∣∣
∣
∣ (1)

where CL = W·COX/L, COX is the gate capacitance per unit
area. The channel width W is normalized to be 1 μm in this
letter, L is the intrinsic length between source and drain.

In the output characteristics, the dominant effect of R
mainly depends on the injection mechanism (Ohmic or Schot-

tky contact) and the external bias Vd . If Rc is negligible
or Rc � Rch (i.e. channel-transport dominant regime),
plotting the output conductance G as a function of Vd at
a constant Vg , yields G ∼= Gch and decreases linearly
with Vd [11] (as depicted in Fig. 1c) Therefore, derived
from (1), the Slope(G, Vd) at a given Vg and Intercept(G,
Vd) towards Vd = 0, are expressed as:

|slope (G, Vd)| ∼= |slope (Gch, Vd )| = CL · μ
2

(2)

intercept (G, Vd) ∼= intercept (Gch, Vd ) = CL ·μ · (Vg −Vth)

(3)

Practically, large contact resistance can be caused by the
Schottky barrier at the metal/semiconductor interface or the
interfacial states at the contact interface. This can dominate
at a small |Vd | (in Fig. 1d) or in short-channel transistor
(i.e. contact-injection dominant regime), where Rc becomes
non-negligible in comparison with Rch . In such case, direct
application of the G-function method without excluding Rc
can lead to extraction errors [12], [13]. However, in the linear
region of a transistor, by extending the G-function method to
higher value range of |Vd |, Rch can start to be more dominant
than Rc beyond a critical value of Vd (where Rc = Rch),
so that Rc � Rch is valid again (i.e. G ∼= Gch , transition
from the injection-dominated to transport-dominated regime)
[11], [20]. Therefore, the Slope and the Intercept equations
can still be used, regardless of the contact resistance as well
as the injection mechanism.

Both the linear (transport-dominated) and non-linear
(injection-dominated) cases of the G-function model, can be
fitted by: G = Slope∗Vd+Intercept (Fig. 1c-d). Correspond-
ingly, the CL ·μ and the Vg-Vth parameters are extracted from
(2-3); thereafter, the Rch in (1) and Rc can be calculated for
both the Ohmic and Schottky contacts in the 2D transistors.

Rc = 1

G
− 1

|intercept| − |slope| · |Vd | (4)

III. RESULTS DISCUSSION AND MODEL VALIDATION

A. Parameter Extraction and Interpretation
We analyze the output Id -Vd curves of various BP transis-

tors for different channel length (L = 0.3, 3.0 and 10.0 μm)
and operation temperatures (RT and LT) by the G-function
model, to precisely interpret the device performances and
physics. The extracted Rc, Rch , μ versus Vd and Vg at
LT are shown in Fig.2, where the large Schottky contact
barrier/resistance is presented. RC at LT is mainly dependent
on Vd but relatively weakly dependent on Vg , as follows [11]:

RC (Vd) = Rint,1·(Vd)a · exp(−B1 · |Vd |b1) (5)

where Rint,1 is the initial Rc, dependent on Vg , the exponential
term comes from Schottky barrier injection. The power term
b1 is related to the local field near the barrier [13], and
thereafter extracted to be ∼1.26 in this work. B1 relates to
justify the drain field effect to lower the Schottky barrier under
the varied L cases, depends on the saturation voltage, i.e.
B1 ∝ ∣

∣Vg − Vth
∣
∣/LB1 ∝ ∣

∣Vgs − Vth
∣
∣/L. VgVthVgsVth Vg −

Vth is respectively extracted to be −2.29, −5.00, −7.54 V at
Vg = −5 V, for the 3 BP transistors at LT. When Vd is fixed
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(e.g. Vd = −4 mV in Fig. 2b), with the Schottky contact, Rc
is derived as follows and independent on L:

RC
(
Vg

) = Rint,2·exp(−B2 · ∣
∣Vg − Vth

∣
∣b2

) (6)

where Rint,2 is the initial Rc, dependent on Vd . In this model,
Rint,1·(Vds)

a Rint,1·(Vd)a is equal to Rint,2. At Vd = −4 mV,
Rint,2 is calculated to be 2.83 × 106�, with the parameter
b2 fitted to be ∼0.8.

In contrast, the Ohmic-like contact is approximately
observed at RT, with a total series resistance Rc,series which is
attributed to the source and drain contacts and decreases with
|Vds| Vd . At Vd = −4 mV, Rc,series is calculated to be 1049 �,
whereas the corresponding Rch are respectively 3.37 × 103,
1.12 × 104 and 3.03 × 104 � for L = 0.3, 3.0 and 10.0 μm.
In the long-channel (L = 3.0 and 10.0 μm), Rc,series can be
negligible compared to Rch .

Fig. 2c illustrates the extracted Vg-dependent mobility μ
while keeping k constant in (2) for LT and RT and considering
the non-zero Vth . The μ is fitted with the model: μ = μ0 ·∣∣Vg − Vth

∣∣β [21], which increases with the carrier density of
BP (e.g. β in Fig. 2c for BP transistor is extracted to be 1.32)
and is inversely proportional to the temperature (μ∝T −K ),
and mainly contributed from single-phonon processes [7].
Taking Vg = −5 V, the extracted mobility μ at RT is about
85-95 cm2V−1s−1 for all the L cases, given that the BP tran-
sistors were fabricated from the same flake. These values are
more reliable than previously discussed in [12], where large
variation was observed (i.e. the extracted μ at RT varied from
50.7 to 185.0 cm2V−1s−1, based on the transfer curves and
without excluding the effect of contact resistance, i.e. using
the transconductance method). In overall, the carrier mobility
extracted by the G-function model shows good precision and
reliability against the effect of contact resistance.

B. Full IV Modeling and Comparison
We model the output characteristics (Vg ranging from

−1 to −5 V) of the BP transistors, while implementing
the extracted CL · μ, saturation voltage Vg-Vth, channel and
contact resistance Rc(Vg , Vd), Rch(Vg , Vd) into the G-function
equations. The simulated Id -Vd curves (colored, bold curves
in Figs. 3a-c) fit well with the experimental observations
(black, thin curves) at LT (11 K) before the ‘up-kink’ feature
occurred. It validates the good accuracy of the G-function
method in the linear regime, with the presence of SBD effect
in the BP transistors. Figs. 3d-f illustrate the corresponding
G plots and linear fittings, obtained from the experimental
characterizations. At RT, the G-function method is also used
to interpret and simulate the device output characteristics,
showing the good accuracy as well.

To verify the general feasibility of the G-function
method, we extend the investigations to other 2D transistors
[8], [14], [22], e.g. a n-type MoS2 transistor with L = 3.0 μm
and 40 nm, at 300 and 4.3 K [8]. The MoS2 layer was
grown by chemical vapor deposition (CVD) on molten glass,
then transferred on HfLaO/Si substrate via PMMA-assisted
transfer strategy [8]. The extraction of Rc, Rch and the Id -Vd
modeling is illustrated in Fig. 4. In the L = 3.0 μm, Ohmic
contact can be concluded at RT (300 K), from the Rc, Rch
plots of Fig. 4a. The SBD effect is observed at LT (4.3 K),

Fig. 3. Output curves modeling (a-c) and conductance interpretation
(d-f) via G-function in the BP transistors with channel lengths L = 0.3,
3.0 and 10.0 µm, at low temperature (LT) of 11 K.

Fig. 4. G-function method in the long- (a-b) and short- (c) channel MoS2
transistors, with the Rc, Rch extracted from the linear regime and the IV
modeling at RT (300 K) and LT (4.3 K).

where the contact-injection dominant regime is presented for
Vd < 0.5 V. The field-effect mobilities μ extracted at Vg =
0 V is consistent with the value of intrinsic mobility in [8],
meanwhile the μ at Vg = 3 V are obtained to be 77 and 198
cm2V−1s−1 for the MoS2 transistor operating at RT and LT,
i.e. the Vg-dependence [23]. The output curves at LT are sim-
ulated and correspondingly fit well with the experiments [8].
In the short-channel (L = 40 nm), the Rc can not be
ignored for both RT and LT (inset to Fig. 4c), and needs
to be taken into account while extracting the device parame-
ters. However, combining with the G-function model, the IV
are well reproduced as in Fig. 4c. As well, the G-function
method is also demonstrated in other cases, where the SBD
effect was resulted from interfacial states and the forma-
tion of Schottky contacts, in the n-type MoS2 transistors
at RT [14], [22].

IV. CONCLUSION

In conclusion, based on the output Id -Vd curves, we
extended the G-function method for the 2D transistors (includ-
ing the n-type and p-type, BP and MoS2) to correctly interpret
the contact Rc and channel resistance Rch , the field-effect
mobility μ, the saturation voltage Vg-Vth etc. The extracted
electrical parameters show good accuracy and reliability in
understanding the insight physics of the 2D transistor, e.g.
Schottky-barrier diode effect at 11 K in the BP transistors
and in the short-channel MoS2. Using the numerically mod-
eled μ, Vg-Vth , contact and channel resistance Rc(Vg , Vd),
Rch(Vg , Vd), the device IV characteristics can be well repro-
duced, showing its high application potential in future circuit
design.
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