Chin. Phys. B Vol. 22, No. 6 (2013) 067203

Electron mobility in the linear region of an AIGaN/AIN/GaN
heterostructure field-effect transistor”

Yu Ying-Xia( T #85)», Lin Zhao-Jun(%kJE%)® T Luan Chong-Biao(Z85%/%)Y,
Wang Yu-Tang(EE#)?, Chen Hong(#% 54)®, and Wang Zhan-Guo(E 5 [H)°)

a) School of Physics, Shandong University, Jinan 250100, China
b>Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

C)Laboratory of Semiconductor Materials Science, Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083, China
(Received 27 September 2012; revised manuscript received 26 November 2012)

We simulate the current—voltage (/-V) characteristics of AlGaN/AIN/GaN heterostructure field-effect transistors
(HFETSs) with different gate lengths using the quasi-two-dimensional (quasi-2D) model. The calculation results obtained
using the modified mobility model are found to accord well with the experimental data. By analyzing the variation of
the electron mobility for the two-dimensional electron gas (2DEG) with the electric field in the linear region of the Al-
GaN/AIN/GaN HFET -V output characteristics, it is found that the polarization Coulomb field scattering still plays an
important role in the electron mobility of AlIGaN/AIN/GaN HFETs at the higher drain voltage and channel electric field. As
drain voltage and channel electric field increase, the 2DEG density reduces and the polarization Coulomb field scattering
increases, as a result, the 2DEG electron mobility decreases.
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1. Introduction

AlGaN/GaN heterostructure field-effect transistors
(HFETs) have been a research hotspot in the field of semicon-
ductor electronic devices due to their excellent characteristics,
such as high transconductances, high saturation currents, and
high cut-off frequencies. The two-dimensional electron gas
(2DEG) electron mobility is an important parameter which
directly affects the frequency characteristics and the power
characteristics in AlGaN/GaN HFETs. In the previous studies
it was found that the polarization Coulomb field scattering
has an important influence on the electron mobility of the
2DEG for both AlGaN/GaN HFETs and AlGaN/AIN/GaN
HFETs, 2] but those studies were restricted to the low-field
mobility for the 2DEG electrons with the drain to source bias
being 0.1 V, while the further researches have not been con-
ducted on the variation of the electron mobility with both the
drain voltage and the channel electric field in the linear region
of the AlGaN/AIN/GaN HFET current—voltage (I-V) output
characteristic curve. The aim of this paper is to study the
variation of the 2DEG electron mobility with the drain voltage
and the channel electric field in the linear region, and analyze
the influence of the polarization Coulomb field scattering on

the 2DEG electron mobility in the linear region.
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2. Experiment

The heterostructure layer employed in this paper was
grown by molecular beam epitaxy (MBE) on a (0001) sap-
phire substrate. The heterostructure layer consisted of a 40-nm
AIN nucleation layer, followed by a 3-um undoped GaN layer,
a 0.5-nm AIN insert layer, and finally a 22.5-nm undoped
Alg28Gag 72N layer. The measured 2DEG sheet density and

2 and

Hall-mobility at room temperature are 1.1 x 10'3 cm™
1800 cm?/V -s, respectively. The source and drain Ohmic con-
tacts were formed by depositing Ti/Al/Ni/Au on heterostruc-
ture material using e-beam evaporation and lift-off techniques.
These contacts were annealed at 800 °C for 60 s in a rapid
thermal annealing system. The gate Schottky contacts was
formed by depositing Ni/Au on heterostructure material us-
ing e-beam evaporation and the lift-off techniques. For the
devices, the values of length/width of the source and drain
were all 50 um/100 pm, the spaces between the source and
drain were all 100 um, and the gate sizes, i.e., the val-
ues of length/width were 80 pm/100 pm, 60 pum/100 pm,
40 um/100 pm, and 20 pm/100 pm. The C-V characteris-
tics of the AlIGaN/AIN/GaN HFETs were measured using an
Aglient B5S120A at 1000 kHz, and the /-V characteristics were
measured using an Aglient BIS00A.
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3. Calculation and analysis

Figure 1 shows the measured C-V characteristic curves
of the AlIGaN/AIN/GaN HFETs for the different gate lengths
at room temperature, the gate lengths for samples a, b, c, and
d are 80 wm, 60 um, 40 wm, and 20 wm, respectively.
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Fig. 1. (color online) Measured C-V curves for samples a, b, ¢, and d
at room temperature.

The values of two-dimensional electron gas sheet density
at different gate biases can be obtained by integrating the C-V

curves!!

np(V)=— ==, 6]

where C is the gate-to-drain capacitance, V the gate bias, g the
electron charge, S the Schottky contact area, V; the threshold
voltage which can be obtained from the differential of the C-V
curve.® The threshold voltages for samples a, b, c, and d are
—3.65V, —=3.65V, —3.75V, and —3.65 V, respectively.
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Fig. 2. (color online) Plots of 2DEG sheet density versus gate bias.

As shown in Fig. 2, the relationships between the two-
dimensional electron gas sheet density and gate bias are all
approximately linear, so we can obtain the two-dimensional
electron gas sheet density through the following linear fitting
expression

np(V) = BV +a, @

where B and a are fitting parameters, whose values are shown
in Table 1.

Table 1. Fitting parameters of 2DEG sheet density for samples a, b, c,
and d.

sample Blem=2.v~! alem™2
a 2.40542x10'2 8.90151x10'2
b 2.45831x10'2 9.24725%10'2
c 2.50865x 1012 9.41416x10"?
d 2.59008x 102 9.70114x 102
The [-V characteristic calculation of the Al-

GaN/AIN/GaN HFET is based on a quasi-2D model,[* %! as
shown in Fig. 3.
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Fig. 3. Quasi-2D model used in the AIGaN/AIN/GaN HFET.

The channel is divided into N equal parts, the length of
each equal part is

Av=L,/N, 3)

where L, is the gate length.
The voltages at the source and drain ends of the channel
are given, respectively, by

Vi= Vs +IdsRSa (4)
Vv = Vs — 1asRq, %)
where Ry and Ry are the source contact resistance and drain

contact resistance, respectively. The low-field mobility of the
AlGaN/AIN/GaN HFET is given by!?!

o = lasle ©)
o anDW[Vds — Iys (Rd + Rs)} ’
L
Ry=—"5 )
qnapo oW
L
Ry=—% ®)
qnaponoW

where Lgq is the space between gate and drain, Ly the space
between gate and source, napg the 2DEG sheet density at zero

gate bias, and U the electron mobility at zero gate bias.
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Fig. 4. (color online) Variations of low-field mobility with 2DEG sheet
density at room temperature.

The relationships between the 2DEG electron low-field
mobility and the 2DEG sheet density, when the drain—source
voltage is 0.1 V at room temperature, are shown in Fig. 4. To
obtain the values of electron mobility at different channel po-
sitions, a polynominal fit to the curves is used, and expressed

as
Wijow = A+ Bin;+Bon? +Bsnd + Banf +Bsnd,  (9)

where A, By, By, B3, B4, and Bs are all fitting parameters,
whose values are shown in Table 2.

Table 2. Fitting parameters of low-field mobility for samples a, b, ¢, and d.

Sample A/cm?V~ls™! Bi/10710 cm* V- ls7! By/1072 ecm® V157! B3/1073 em®- V- ls™! By/107* cm!®.V—1.s71 Bs/107%2 cm!2.V-l.s7!

a 1281.14511 4.7024 -1.59566 2.45932 -1.86624 5.48553
b —156.29354 10.5026 —2.72409 3.56283 —2.32637 5.96335
c —192.57935 9.66619 —2.71309 3.96354 —2.85795 8.02423
d —331.8085 6.38586 -1.80169 2.6992 -1.96219 5.63094
The two-dimensional electron gas sheet density in Eq. (9)  field mobility as follows: "]
can be obtained from Eq. (2) as follows: i
i,low
W= (an

ni=B(Vy—V;)+a. (10)

Considering the influence of the electric field on the elec-
tron mobility, we modify the mobility model based on the low-

iowEi i
(7))
Vsat

where E; is the channel electric field, vg, the electron satura-
tion drift velocity, whose value is 2.576 x 107 cm/s,BB! r is the
fitting parameter, whose values are shown in Table 3.

Table 3. Fitting parameters for samples a, b, ¢, and d at different gate biases.

Sample  V,=05V V=0V  V,=-05V  V,=—10V  V,=-15V  V,=-20V
a 1 0.9 0.8 0.68 0.6 0.55
b 1 1 1 1 1 1
c 1 1 1 1 1 1
d 0.46 0.48 0.5 0.55 0.6 0.6

The carrier drift velocity and the channel electric field at
the i-th section, respectively, are

vi = las /qWni, (12)
E,‘ZV,‘/[J,‘. (13)

Once the drain—source current is given, the 2DEG sheet
density n;, the carrier drift velocity v;, the electron mobility u;
and the channel electric field E; at the i-th section can be ob-
tained according to Eqgs. (9)-(13). The channel voltage at the
next point is

Vi1 =Vi+ EiAx. (14)

According to Eq. (5), Vg is finally obtained from V.
The calculated I-V characteristics for samples a, b, ¢, and
d using the above formulas are shown in Fig. 5, and it can be

seen that the calculation results and the experimental data are
in good agreement.

Figure 5 shows that the modified mobility model used in
the calculation is correct. Through the above calculation we
can obtain the values of 2DEG sheet density, the electric field
strength, the channel voltage, and the electron mobility at dif-
ferent channel positions under direct current bias. Because the
channel voltages are different at different positions, the values
of 2DEG sheet density and the channel electric field are also
different, so the electron mobility of the 2DEG is no longer a
constant. Considering that the drain end of the channel first
pinches off with the increase of drain voltage, the study is fo-
cused on the variation of the 2DEG electron mobility at the
channel position of the drain end. Figure 6 shows the varia-
tions of the 2DEG electron mobility with drain voltage at the
drain end for samples a, b, ¢, and d when the gate bias is zero.
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Fig. 5. (color online) Comparisons between the calculated /-V characteristics (solid lines) and the experimental results (dashed lines)

for Lg = 80 um (a), 60 wm (b), 40 um (c), and 20 um (d).
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Fig. 6. (color online) Variations of 2DEG electron mobility with drain
voltage at zero-gate-bias.

As shown in Fig. 6, in the 2DEG electron mobility for
sample a there appears a peak, the electron mobility for sample
b is first almost unchanged, and then drops with the increase
of drain voltage, the values of electron mobility for samples ¢
and d always reduce with the increase of drain voltage. These
results can be explained using the polarization Coulomb field
scattering. When the Schottky contact metals are deposited on
AlGaN/AIN/GaN heterostructures, the strain of AlGaN barrier
layer under the Schottky gate metals changes, and the polar-
izations are different in the gated region and ungated region. In
addition, with the converse piezoelectric effect, the gate biases
will induce the strain variation of the AlGaN barrier layer un-
der the gate metals. As aresult, the polarization charge density
underneath the gate metals will be changed by the gate bias
electric field. Moreover, because the transverse diffusion of
drain/source Ohmic contact metal atoms can form a large con-

centration gradient along the strained AlGaN barrier layer, the
polarization charges at the AIGaN/AIN/GaN interfaces which
are closed to the Ohmic contact metals are distributed irreg-
ularly. With all the above reasons, there will appear a polar-
ization charge density variation at the AlIGaN/AIN/GaN inter-
faces, thereby establishing a polarization Coulomb field that
scatters the 2DEG electrons. 19101

There are three main kinds of scattering mechanisms that
affect the electron mobility of the 2DEG, ! i.e., longitudinal
optical (LO) phonon scattering, interface roughness scattering,
and polarization Coulomb field scattering. It is found that for
the polarization Coulomb field scattering, the electron mobil-
ity rises with the increase of the 2DEG sheet density, but de-
creases for the LO phonon scattering and the interface rough-
ness scattering. For sample a, the gate length is largest and so
the polarization Coulomb field scattering is weakest. With low
drain voltage, the 2DEG sheet density is high enough so that
the polarization Coulomb field scattering is shielded, so the
LO phonon scattering and the interface roughness scattering
play a dominant role. The 2DEG sheet density decreases with
the increase of drain voltage, which results in the increase of
the electron mobility. When the drain voltage continues to in-
crease and the 2DEG sheet density continues to decrease, the
shielding effect weakens, and then the polarization Coulomb
field scattering begins to be dominant. Therefore, the electron
mobility drops with the increase of the drain voltage. For sam-
ple b, the gate length is smaller than that of sample a and the
gradient of the polarization charge density is larger than that
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of sample a. When the drain voltage is small, the LO phonon
scattering, the interface roughness scattering and the polariza-
tion Coulomb field scattering work together, so the mobility
variation is not obvious. As the drain voltage continues to
increase, the polarization Coulomb field scattering becomes
stronger and stronger, which leads to the drop of the electron
mobility in turn. For samples ¢ and d, their gate lengths are
small and the gradients of the polarization charge density are
relatively large, the polarization Coulomb field scattering is
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always dominant. As the drain voltage increases, the 2DEG
sheet density reduces, as a result, the electron mobility drops.
Considering that the gate length of sample d is smaller than
that of sample c, the gradient of the polarization charge density
in sample d is larger than that in sample c, hence the change in
electron mobility of sample d is larger than that of sample c.

Figure 7 shows the variations of electron mobility with
electric field at the drain end of the channel when the drain
voltage gradually increases to pinch-off voltage.
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Fig. 7. (color online) Variations of electron mobility variation with electric field at the drain end of the channel for Ly = 80 um (a),

60 pum (b), 40 pm (c), and 20 pum (d).

For samples a and b, their gate lengths are larger and
the gradients of the polarization charge density are relatively
small, so the polarization Coulomb field scattering is weaker.
At higher gate bias, the 2DEG sheet density is higher and the
polarization Coulomb field scattering is shielded, so the LO
phonon scattering and the interface roughness scattering are
dominant. The 2DEG sheet density decreases with the in-
crease of electric field strength, which results in the increase
of the electron mobility. When the electric field continues to
increase, the 2DEG sheet density decreases and the shielding
effect weakens. Then the polarization Coulomb field scatter-
ing begins to work and therefore the electron mobility drops.
At the lower gate bias, the 2DEG sheet density is lower, the
shielding from the polarization Coulomb field is weaker and
the polarization Coulomb field scattering is the main scatter-
ing mechanism, so the electron mobility decreases with the
increase of the electric field strength.

For samples c and d, their gate lengths are smaller and the
gradients of the polarization charge density are relatively large,
the polarization Coulomb field scattering is always dominant
at different gate biases. The 2DEG sheet density decreases
with the increase of the electric field strength, which weakens
the shielding from the polarization Coulomb field, so the elec-
tron mobility decreases. As to the same sample, the 2DEG
sheet density increases with the gate bias, and so the electron
mobility rises.

The above analysis shows that the polarization Coulomb
field scattering has an important influence on 2DEG electron
mobility in the linear region of each of the AlIGaN/AIN/GaN
HFET output characteristic curves, especially for the small
gate length devices (samples ¢ and d). When the polariza-
tion Coulomb field scattering is the dominant carrier scatter-
ing mechanism in the AIGaN/AIN/GaN HFET, as drain volt-
age and channel electric field increase, the 2DEG sheet den-
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sity decreases, and the polarization Coulomb field scattering
increases, as a result, the 2DEG electron mobility reduces.

4. Conclusion

In this paper we simulate the current—voltage character-
istics of the AIGaN/AIN/GaN HFETs using quasi-2D model,
and modify the mobility model based on the low-field mobil-
ity. It is found that the calculation results accord well with
the experimental data. We analyze the variation of the 2DEG
electron mobility with the channel electric field in the linear
region, and find that the polarization Coulomb field scatter-
ing still plays an important role in the electron mobility of the
2DEG in AlGaN/AIN/GaN HFET at a higher drain voltage and
channel electric field. The 2DEG electron mobility decreases
with the increases of the drain voltage and the channel electri-
cal field, which is attributed to the polarization Coulomb field
scattering. As the drain voltage and the channel electric field
increase, the 2DEG sheet density decreases, and the polariza-

tion Coulomb field scattering increases, as a result, the 2DEG
electron mobility reduces.
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