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Analytical charge control model for AlGaN/GaN MIS-HFETs including
an undepleted barrier layer
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Abstract: An analytical charge control model considering the insulator/AlGaN interface charge and undepleted Al-
GaN barrier layer is presented for AlGaN/GaN metal–insulator–semiconductor heterostructure field effect transistors
(MIS-HFETs) over the entire operation range of gate voltage. The whole process of charge control is analyzed in detail
and partitioned into four regions: I—full depletion, II—partial depletion, III—neutral region and IV—electron accu-
mulation at the insulator/AlGaN interface. The results show that two-dimensional electron gas (2DEG) saturates at
the boundary of region II/III and the gate voltage should not exceed the 2DEG saturation voltage in order to keep the
channel in control. In addition, the span of region II accounts for about 50% of the range of gate voltage before 2DEG
saturates. The good agreement of the calculated transfer characteristic with the measured data confirms the validity of
the proposed model.
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1. Introduction

AlGaN/GaN metal–insulator–semiconductor heterostruc-
ture field effect transistors (MIS-HFETs) have received much
attention due to their lower gate leakage current and larger
gate voltage swing compared to the conventional Schottky gate
HFET (SG-HFET)Œ1�4�. To evaluate and optimize the perfor-
mance of AlGaN/GaNMIS-HFETs, a nonlinear charge control
model was proposed and used to model the DC and microwave
characteristics by Aggarwal et al.Œ5�. On one hand, however,
the insulator/AlGaN interface charge which varies for differ-
ent insulatorsŒ4� was not taken into account in this model. On
the other hand, the model was derived under the full depletion
approximation, thus it is not suitable for the case of undepleted
barrier layer which becomes important for large positive gate
voltagesŒ6�. Though non-full depletion has been considered in
the modeling of AlGaAs/GaAs HFETsŒ6; 7�, the existence of
large positive polarization charges at the heterointerface makes
the charge control of AlGaN/GaN MIS-HFETs different from
that of AlGaAs/GaAs HFETs where the charge control process
can be divided into two situations, full depletion and neutral re-
gionŒ6; 7�. In this work, therefore, by comprehensively analyz-
ing the variation of charge distribution in the barrier layer with
gate bias, the charge control process over the entire operation
voltage range is partitioned into four regions: I—full depletion,
II—partial depletion, III—neutral region, IV—electron accu-
mulation at the insulator/AlGaN interface. Then, based onMIS
theory and the Poisson equation, the charge control model in-
cluding the insulator/AlGaN interface charge and undepleted
barrier layer is developed. The transfer characteristic based on
the present model is in good agreement with the measured data,
which means that it is helpful to understand the device physics,

optimize the design and evaluate the performance.

2. Analysis of charge control

The schematic of a typical AlGaN/GaN MIS-HFET is
shown in Fig. 1. It consists of SiC substrate, an undoped GaN
buffer layer, an n-doped AlGaN barrier layer of thickness d
and doping concentrationND, and an insulator of thickness tIns
and dielectric permittivity "Ins beneath the metal gate. It is as-
sumed that the positive polarization charge at the heterointer-
face and the net charge (the sum of negative polarization charge
and interface trapped charge) at the insulator/AlGaN interface
are �PI and QIns, respectively. The trapped charges in AlGaN,
GaN and the insulator are not considered.

The Poisson equation in the AlGaN layer is given byŒ8; 9�

d2V.x/

dx2
D �

�.x/

"
D �

qŒNC
D .x/ � n.x/�

"
; (1)
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Fig. 1. Schematic of an AlGaN/GaN MIS-HFET.
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NC
D .x/ D

ND

1C 2 expŒ.ED � V.x//=kT �
; (2)

n.x/ D
NC

0:27C expŒV .x/=kT �
; (3)

with the boundary conditions:

V.x D d/ D �EC �EF; (4)

F.x D d�/ D �.�PI � qns/="; (5)

where x is the coordinate in a direction perpendicular to the in-
sulator/AlGaN interface with its origin at the insulator/AlGaN
interface, a positive value in the AlGaN layer. V.x/ is the con-
duction band potential,NC

D .x/ is the ionized donor concentra-
tion, n.x/ is the free electron concentration, " is the dielectric
constant of AlGaN,ED is the donor energy level below the con-
duction band, NC is the effective density of states of AlGaN,
�EC is the conduction band discontinuity at the heterointer-
face, F is the electric field, ns is the sheet electron density
of two-dimensional electron gas (2DEG), and EF is the Fermi
level, which can be approximated as a nonlinear function of ns
in the form of a simple polynomialŒ10�:

EF D k1 C k2n
1=2
s C k3ns; (6)

where k1 = –0.0984 V, k2 = 1.621 � 10�9 V�m, and k3 = 1.521
� 10�18 V�m2 are found afresh for the AlGaN/GaN system
using the effective mass of an electron m* = 0.22m0.

The Poisson equation above can only be solved numeri-
cally, so some approximations must be adopted to achieve a
simple analytical model according to the charge distribution in
the AlGaN barrier layer. The insulator/AlGaN interface charge
is not taken into account in this section since it can be ascribed
to the flatband voltage of MIS structure in the next section.

2.1. Region I: full depletion

When gate bias is low in an AlGaN/GaN MIS-HFET, the
AlGaN layer is fully depleted by the gate, so the electric lines
of force starting from ionized donor positive charges point to
the gate. In addition, some of the lines of force from positive
polarization charges also point to the gate and the others termi-
nate at the channel. Figure 2(a) shows the charge distribution
and conduction band diagram. Due to full depletion, we get
NC
D .x/ D ND and n.x/ = 0 for the entire barrier layer. Hence

the Poisson equation (1) can be simplified as

d2V.x/

dx2
D �

qND

"
: (7)

According to the charge neutrality condition, the gate
chargeQG induced by the net charge of the semiconductor side
can be expressed as

QG D �Œ�PI C qNDd � qns�: (8)
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Fig. 2. Charge distribution sketchmaps and conduction band diagrams
of an AlGaN/GaN MIS-HFET for regions (a) I, (b) II, (c) III and (d)
IV.
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2.2. Region II: partial depletion

With the increase of gate voltage in region I, some of
the electric lines of force starting from positive polarization
charges and pointing to the gate change their directions and
point to the channel so that ns increases and EF rises. Once
ns is bigger than the 2DEG electron density at EF D �EC,
EF exceeds �EC, the conduction band of part of AlGaN is
below EF when NC

D .x/ and n.x/ nearby the AlGaN side of
heterojunction become non-negligible. Thus, the full depletion
approximation of AlGaN layer is no longer valid. (Here, EF =
�EC is approximately regarded as the boundary condition be-
tween regions I and II.) Since �PI/q is much larger than ns atEF
= �EC, some electric lines of force from polarization charges
end at the electrons in AlGaN except for the gate and chan-
nel when EF > �EC. (A detailed discussion about �EC and
polarization charge can be found in Ref. [11].) A charge distri-
bution sketch map and conduction band diagram of region II
are shown in Fig. 2(b).

In Fig. 2(b) the conduction band of AlGaN intersects the
Fermi level at x D d �w1. Assuming the region 0 6 x < d �

w1 is fully depleted and the donors do not ionize for d �w1 6
x 6 d , we have:

(
NC
D .x/ D ND and n.x/ D 0; 0 6 x < d � w1;

NC
D .x/ D 0; d � w1 6 x 6 d:

(9)

The electron concentration at the boundaries can be
achieved as from Eq. (3).

n1 D n.x D d � w1/ D
NC

1:27
; (10)

n2 D n.x D d/ D
NC

0:27C expŒ.�EC �EF/=kT �
: (11)

Furthermore, as an approximation of Eq. (3) for d – w1 6
x 6 d , the following linear distribution starting from n1 and
ending at n2 is adopted:

n.x/ D
n2 � n1

w1

Œx�.d�w1/�Cn1; d�w1 6 x 6 d: (12)

Substituting Eqs. (9) and (12) into Eq. (1) yields:

d2V.x/

dx2
D

8̂̂̂<̂
ˆ̂:

�
qND

"
; 0 6 x < d � w1;

q.n2 � n1/

w1

Œx � .d � w1/�C qn1;

d � w1 6 x 6 d:

(13)

Integrating Eq. (12) from d – w1 to d , the sheet electron
density in undepleted AlGaN can be achieved as

nb1 D

Z d

d�w1

n.x/dx D
.n2 C n1/w1

2
: (14)

According to the charge neutrality condition, the gate
chargeQG induced by the net charge of the semiconductor side
in region II can be expressed as

QG D �Œ�PI C qND.d � w1/ � qns � qnb1�: (15)

2.3. Region III: neutrality region

With increasing gate bias, the quality of electric lines of
force starting from positive polarization charges pointing to the
gate decreases continuously, the electrons in the channel and
AlGaN increase andEF rises. When the number of lines point-
ing to the gate becomes zero, the sum of negative charge in
the channel and AlGaN equals the polarization positive charge,
that is:

�PI D qns C

Z d

0

�.x/dx
ˇ̌
�.x/<0 D qns C qnb1: (16)

At this point, ns, EF and w1 reach their maxima nsmax,
EFmax and w1max, respectively. After that, a continuous raising
gate voltage results that the region 06 x < d –w1max cannot be
fully depleted by the gate and the neutral region occurs. So the
boundary condition between regions II and III is ns reaching its
maximum. A charge distribution sketch map and conduction
band diagram of region III are shown in Fig. 2(c). Assuming
the width of the neutral region is w2 and the region 0 < x <
d – w1max – w2 is fully depleted, we have NC

D .x/ D ND and
n.x/ = 0 for this region. Hence the Poisson equation (1) can be
simplified as

d2V.x/

dx2
D �

qND

"
; 0 6 x < d � w1max � w2: (17)

The sheet free electron density in the neutral region is:

nb2 D NDw2: (18)

According to the charge neutrality condition, the gate
chargeQG induced by the net charge of the semiconductor side
in region III can be expressed as

QG D �qND.d � w1max � w2/: (19)

2.4. Region IV: electron accumulation at the insula-
tor/AlGaN interface

After the neutral region extends to the insulator/AlGaN in-
terface, the raising gate voltage results in electrons accumu-
lating at the insulator/AlGaN interface so that the conduction
band bends downward as shown in Fig. 2(d). Therefore, the
boundary condition between regions III and IV is w2 reach-
ing its maximum w2max D d – w1max. The increment of gate
bias drops across the insulator like a common MIS capacitor,
so the electron density accumulating at the insulator/AlGaN in-
terface, nsurf, can be evaluated as

nsurf D CIns�VG=q; (20)

where CIns = "Ins=tIns is the insulator capacitance, and �VG is
the increment of gate voltage.

3. Analytical charge control model

According to MIS theory, the gate voltage VG, the flatband
voltage VFB and the potential dropping across insulator VIns can
be expressed as
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VG D VFB C VIns C  s; (21)

VFB D �m � �s �
QIns

CIns
; (22)

VIns D
QG

CIns
; (23)

where  s is the semiconductor surface potential, �m and �s are
the work functions of gate metal and AlGaN respectively,QIns
is the insulator/AlGaN interface charge, CIns is the insulator
capacitance, and QG is the gate charge induced by that of the
semiconductor side.

From Figs. 2(a) or 2(b), the work function of AlGaN can
be obtained as

�s D �C�EC �EF; (24)

where � is the electron affinity of AlGaN. Combining
Eqs. (21) – (24) yields:

VG D �m � � ��EC CEF �
QIns

CIns
C
QG

CIns
C  s: (25)

The surface electric field of AlGaN for the MIS-HFET can
be written as

F.x D 0C/ D
QG

"
: (26)

3.1. Region I

Solving the Poisson equation (7) with Eq. (26), we can get:

 s D
QG

Cb
C
qNDd

2

2"
; (27)

where Cb = " /d is the AlGaN layer capacitance. Substituting
Eq. (27) into Eq. (25) and rearranging yields:

VG D �m � � ��EC CEF �
QIns

CIns
C
QG

Ct
C
qNDd

2

2"
; (28)

whereCt is the total capacitance from gate to channel, and 1/Ct
= 1/CIns + 1/Cb. Substituting Eq. (8) into Eq. (28) and rearrang-
ing, the charge control model for region I can be obtained as

qns D Ct .VG � VTH �EF/ ; (29)

VTH D �m����EC�
QIns

CIns
�
�PI

Ct
�
qNDd

Ct
C
qNDd

2

2"
; (30)

where VTH is the threshold voltage.

3.2. Region II

In Fig. 2(b), the surface potential can be expressed as

 s D V.0; d � w1/C V.d � w1; d /; (31)

where the potential differences V (0, d – w1/ and V.d – w1,
d/ can be achieved by solving the Poisson equation (13) with
Eq.(26) as

V.0; d � w1/ D
QG

"
.d � w1/C

qND

2"
.d � w1/

2: (32)

V.d � w1; d / D �EC �EF D

�
QG

"
C
qND.d � w1/

"

�
� w1 �

q.n2 C 2n1/

6"
w2

1 :

(33)

From Eqs. (25) and (31)–(33), we can get:

VG D �m � � ��EC CEF �
QIns

CIns
C
QG

Ct

C
qND.d � w1/

2"
�
q.n2 C 2n1/w

2
1

6"
: (34)

Combining Eqs. (14), (15) and (34), the charge control
model for region II is obtained as

qns D Ct

�
VG � VTH �EF �

�
qNDw1

Ct
C
q.n1 C n2/w1

2Ct

�
qNDw

2
1

2"
�
q.n2 C 2n1/w

2
1

6"

��
:

(35)

It is noted that Eq. (35) becomes Eq. (29) by setting the
width of the undepleted region w1 to zero.

From Eqs. (14), (15) and (33), we can achieve:

q.2n2 C n1/

6"
w2

1 C
qns � �PI

"
w1 CEF ��EC D 0: (36)

Solving Eq. (36) yields:

w1 D
�B �

p
B2 � 4AC

2A
; (37)

where A D
q.2n2Cn1/

6"
, B D

qns��PI
"

, C D EF � �EC. It is
obvious that w1 reaches its maximum w1max when

B2
� 4AC D 0: (38)

We can achieve nsmax and EFmax by solving Eqs. (38), (6),
(10) and (11) so that w1max can be obtained from Eq. (37).
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3.3. Region III

In Fig. 2(c), the surface potential can be approximated as

 s � V.0; d � w1max � w2/C�EC �EFmax; (39)

where the potential difference V (0, d – w1max –w2/ can be ob-
tained by solving the Poisson equation (17) with Eqs. (26) and
(19) as

V.0; d � w1max � w2/ D �
qND

2"
.d � w1max � w2/

2: (40)

From Eqs. (25), (39) and (40), the relation between gate
voltage VG and the width of the neutral region w2 can be
achieved as

VG D �m � � �
QIns

CIns
�
qND.d � w1max � w2/

CIns

�
qND.d � w1max � w2/

2

2"
: (41)

Combining Eqs. (41) and (18), the charge control model for
region III can be obtained as

nb2 D ND

(
d � w1max �

"
�

"

CIns

C

s�
"

CIns

�2

�
2"

qND

�
VG � �m C �C

QIns

CIns

�359=; :
(42)

Substituting the maximum of w2, w2max D d – w1max, into
Eq. (41), the maximal gate bias of region III is determined as

VG3max D �m � � �
QIns

CIns
: (43)

3.4. Region IV
When VG > VG3max, the charge control model can be

achieved by substituting the increment of gate voltage (�VG D

VG – VG3max/ into Eq. (20) as

nsurf D CIns.VG � VG3max/=q: (44)
According to the discussion above, the free electron in-

cludes two parts, one in the channel and the other in AlGaN.
The sheet electron density in AlGaN consists of nb1, nb2 and
nsurf. So, the total drain saturation current can be simply eval-
uated as

IDS D I2DEG C IAlGaN

D qnsvsat GaNWG C .qnb1 C qnb2 C qnsurf/vsat AlGANWG;

(45)

where I2DEG and IAlGaN are the saturation currents through
the channel and AlGaN barrier layer respectively, vsat GaN and
vsat AlGaN are the electron saturation velocities in GaN and Al-
GaN, respectively, andWG is the gate width. The extrinsic gate
voltage can be obtained as

VGB D VG C IDSRS; (46)
where RS is the source contact resistance.

Fig. 3. Variation of ns, nb1, nb2, and nsurf with the gate bias.

4. Results and discussion
The AlGaN/GaN MIS-HFET structure fabricated by Yue

et al.Œ3� is used to validate the present model. The material
and device parameters are listed in Table 1. Wherever possi-
ble, actual experimental or theoretical data are adopted except
forQIns �AlGaN and vsat GaN, which are fitted.

Figure 3 shows the variation of the sheet carrier densities
ns, nb1, nb2 and nsurf with the gate voltage. It can be seen that in
region I ns rises fast and there are no free electrons in AlGaN
due to full depletion. As the barrier layer is no longer depleted
and the electrons begin to accumulate at the AlGaN side of the
heterojunction in region II, the increasing speed of ns gradu-
ally becomes slow and finally 2DEG saturates. In region III
nb2 rises in virtue of the extension of the neutral region with
gate voltage. In region IV nsurf increases rapidly as the incre-
ment of gate bias induces the electron accumulation at the insu-
lator/AlGaN interface like a capacitor. After 2DEG saturates,
the increasing gate bias can only affect the electrons in AlGaN
and the gate loses control of the channel. Therefore, the gate
voltage should not exceed the 2DEG saturation voltage in or-
der to keep the channel in control.

It is obvious that the model based on full depletion approx-
imation is not suitable after region I. Compared to the numeric
solution, the 2DEG electron density is only slightly overesti-
mated by the present model, which results from the analytical
charge distribution in the barrier layer approximating the nu-
meric results as shown in Fig. 4.

In Fig. 3 ns reaches its maximum at VG = 3 V when nsmax =
9.89 � 1012 cm�2, w1max = 4.73 nm and nb1max = 3.27 � 1012

cm�2. The sum of nsmax and nb1max is 1.316 � 1013 cm�2 and
it is slightly less than the polarization charge density (�PI/q =
1.387 � 1013 cm�2/, which is attributed to a series of approx-
imations of charge distribution in AlGaN.

Figure 5 shows the variation of nsmax and nb1max with Al
mole fraction compared to �PI/q and ns (EF D �EC/. The
maximal 2DEG electron densities calculated by our analytical
model fit well with the numeric results. The nsmax increases
rapidly with Al content and it can reach 1.51 � 1013 cm�2 for
m = 0.4 while the nb1max shows low sensitivity to Al mole frac-
tion. Therefore, in order to achieve the highest value of nsmax,
the value ofm should be as high as possible. However, high Al
content may cause the polarization charge to reduce due to the
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Table 1. Relevant material and device parameters used in calculation.
Parameter Symbol Value Unit Ref.
Al content in AlGaN m 0.3 [3]
AlGaN layer thickness d 25 nm [3]
Donor concentration in AlGaN ND 2 � 1018 cm�3 [3]
Gate length LG 0.8 �m [3]
Gate width WG 60 �m [3]
Insulator Al2O3 [3]
Permittivity of insulator "Ins 10 "0 [3]
Insulator layer thickness tIns 3.5 nm [3]
Electron mobility in GaN �GaN 1150 cm2/(V�s) [3]
Gate metal Ni/Au [3]
Work function of Ni & Au �m 5.2 eV [12]
Source contact resistance RS 0.8 ��mm [13]
Permittivity of AlGaN " 9.0 m+ 9.5(1 – m/ "0 [14]
Electron affinity in AlGaN � 1.9 m+ 3.4(1 – m/ eV [15]
Effective density of states of AlGaN NC 4.10 � 1018m+ 2.65 � 1018 (1 – m/ cm�3 [15]
Electron mobility in AlGaN �AlGaN 50 cm2/(V�s) Fitted
Electron saturation velocity in GaN vsat GaN 5.2 � 106 cm/s Fitted
Charge density at insulator/AlGaN interface QIns –3.33 � 1013 qC/cm2 Fitted
Electron saturation velocity in AlGaN vsat AlGaN vsat GaN /�GaN� �AlGaN cm/s

Fig. 4. Charge distribution in the AlGaN barrier layer for different gate
biases.

Fig. 5. Variation of �PI/q, ns (EF D �EC/, nsmax, nb1max with Al
content.

strain relaxation, which results in the electron density dropping

Fig. 6. Calculated and measured DC transfer characteristics.

in the channelŒ16�. Thus, a compromise would be required for
the optimal value of m.

Figure 6 shows the comparison between calculated DC
transfer characteristics and experimental dataŒ3�. On one hand,
the fitted charge density at the insulator/AlGaN interface,
QIns/q, is about –3.33 � 1013 cm�2, and it can cause a thresh-
old voltage shift of 1.45 V, which illustrates its need to be taken
into account in modeling. On the other hand, the span of re-
gion II accounts for about 50% of the gate voltage range before
2DEG saturates, which demonstrates the importance of consid-
ering the undepleted barrier layer. Comparing Figs. 6 and 3, it
can be seen that though the quantity of free electrons is large in
AlGaN at high gate voltage, its contribution to the total drain
current is very small owing to the low electron mobility and
saturation velocity. In Fig. 6, the good agreement between the
analytical results and the measured data from the full depletion
region to the electron accumulation region confirms the valid-
ity of the proposed model.
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5. Conclusion

The whole charge control process of an AlGaN/GaN MIS-
HFET is partitioned into four regions: I, full depletion; II, par-
tial depletion; III, neutral region; and IV, electron accumulation
at the insulator/AlGaN interface. For each region, an analyti-
cal charge control model is developed. The calculated trans-
fer characteristic agrees reasonably well with the experimental
data, which demonstrates the validity of the proposed model.
The partitioning into four regions and the present model are
helpful to understand the device physics, optimize the design
and evaluate the performance.
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