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We have systematically investigated low-frequency noise (LFN) in AlN/AlGaN/GaN metal-

insulator-semiconductor (MIS) devices, where the AlN gate insulator layer was sputtering-

deposited on the AlGaN surface, in comparison with LFN in AlGaN/GaN Schottky devices. By

measuring LFN in ungated two-terminal devices and heterojunction field-effect transistors

(HFETs), we extracted LFN characteristics in the intrinsic gated region of the HFETs. Although

there is a bias regime of the Schottky-HFETs in which LFN is dominated by the gate leakage

current, LFN in the MIS-HFETs is always dominated by only the channel current. Analyzing the

channel-current-dominated LFN, we obtained Hooge parameters a for the gated region as a

function of the sheet electron concentration ns under the gate. In a regime of small ns, both the

MIS- and Schottky-HFETs exhibit a / ns
�1. On the other hand, in a middle ns regime of the

MIS-HFETs, a decreases rapidly like ns
�n with n� 2-3, which is not observed for the Schottky-

HFETs. In addition, we observe strong increase in a / ns
3 in a large ns regime for both the

MIS- and Schottky-HFETs. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4892486]

I. INTRODUCTION

GaN-based metal-insulator-semiconductor heterojunc-

tion field-effect transistors (MIS-HFETs) have been exten-

sively developed as devices for high-frequency and high-

power applications, owing to the merits of gate leakage

reduction and passivation effects. As a gate insulator, high-

dielectric-constant (high-k) oxides such as Al2O3,1 HfO2,2,3

or ZnO,4 and high-k nitrides having high thermal conducti-

vities such as AlN5–8 or BN,9,10 were employed. In the GaN-

based MIS-HFETs, low-frequency noise (LFN) will be

strongly influenced by the insulator itself and/or the

insulator-semiconductor interface, and also by the gate leak-

age reduction. Although LFN in the GaN-based devices has

been studied for a long time, the previous studies mainly

focused on Schottky-HFETs11–29 and MIS-HFETs with

oxide gate insulators4,30–38 with a few exception of a SiN

gate insulator.39 Moreover, in LFN studies for FETs, it is of-

ten difficult to identify the contributions from the intrinsic

gated and extrinsic ungated parts. Therefore, it is important

to obtain insights of LFN in GaN-based MIS-HFETs with

nitride insulators such as AlN, comparing with Schottky-

HFETs and clarifying the contributions from the intrinsic

and extrinsic parts.

In this work, in order to elucidate LFN in AlN/AlGaN/

GaN MIS-HFETs comparing with that in AlGaN/GaN

Schottky-HFETs, we systematically characterized both

ungated two-terminal devices and the HFETs. From the char-

acterization, LFN behavior in the intrinsic gated region was

extracted for the MIS- and Schottky-HFETs. Although there

is a bias regime of the Schottky HFETs in which LFN is

dominated by the gate leakage current, LFN in the MIS-

HFETs is always dominated by only the channel current.

Analyzing the channel-current-dominated LFN, we obtain

Hooge parameters a for the gated region as a function of the

sheet electron concentration under the gate, which exhibits

different behaviors for the MIS- and Schottky-HFETs.

II. DEVICE FABRICATION

Using Al0.27Ga0.73N(30 nm)/GaN(3000 nm) heterostruc-

ture obtained by metal-organic vapor phase epitaxy on sap-

phire (0001), we fabricated AlN/AlGaN/GaN MIS devices,

i.e., HFETs as well as ungated two-terminal devices. The

same sets of AlGaN/GaN Schottky devices, i.e., HFETs and

ungated two-terminal devices, were fabricated simultane-

ously. The fabrication process is as follows.7,8 On the

AlGaN/GaN heterostructure, Ti/Al/Ti/Au Ohmic electrodes

were formed and device isolation was achieved by Bþ ion

implantation. For MIS devices, a 20-nm-thick AlN film as a

gate insulator was deposited on the AlGaN surface by RF

magnetron sputtering at room temperature with an AlN target

in Ar-N2 ambient, following the surface treatments, which

include oxygen plasma ashing and cleaning by the organic

solvents (for removing organic contaminants), and cleaning

by Semicoclean (for removing oxides). The formation of Ni/

Au gate electrodes on AlN (MIS-HFETs) or AlGaN

(Schottky-HFETs) completed the device fabrication process.

The HFETs have gate length LG¼ 260 nm, the source-gate

spacing of 2 lm, the gate-drain spacing of 3 lm, and the gate

width W¼ 50 lm. The ungated two-terminal devices have the

width W¼ 50, 100 lm and electrode spacing of L¼ 2-16 lm.

Schematics of the devices are shown in Fig. 1.
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III. DC CHARACTERIZATION OF DEVICES

DC characterization was carried out for the ungated two-

terminal devices and the HFETs. From the transfer length

method or transmission-line model (TLM) measurements of

the ungated devices, we obtain a contact resistance rc¼
2.4 X mm, and two-dimensional electron gas (2DEG) sheet

resistances of the ungated region rsug¼ 790 and 450 X/sq. for

the MIS and Schottky ungated devices, respectively. Hall-

effect measurements show the electron mobility of 1200 and

1500 cm2/V-s, and sheet electron concentration of nsug¼ 6.4

� 1012 and 9.3� 1012 cm�2, for the MIS and Schottky ungated

devices, respectively. Figures 2(a) and 2(b) show output char-

acteristics (normalized by the gate width W) of the MIS- and

Schottky-HFETs, respectively, where ID is the drain current.

(Considering LFN characterization, throughout this article, we

employ the definition of currents in the unit of [A] without nor-

malization by the device width; the vertical axis of Fig. 2

shows ID/W in the unit of [mA/mm].) The Schottky-HFET

exhibits negative drain current for large forward gate-source

voltages VG and small drain-source voltages VD, owing to large

gate leakage currents. Transfer characteristics (normalized by

the gate width W) is shown in Fig. 3, where IG is the gate cur-

rent and gm is the transconductance: (a) and (b) for the MIS-

HFETs, (c) and (d) for the Schottky-HFETs, (a) and (c) for

VD¼ 10 V in the saturation regime, and (b) and (d) for

VD¼ 0.1 V in the linear regime. For the MIS-HFETs, gate cur-

rents are significantly small, 10�9 A/mm range or less, about 4

orders for reverse and 8 orders for forward gate biases smaller

than those of the Schottky-HFETs, owing to good insulating

properties of the AlN. The small gate leakage currents lead to

small drain off-currents shown in Figs. 3(a) and 3(b).

IV. LFN CHARACTERIZATION OF DEVICES

For LFN characterization of the devices, we employed a

measurement system consisting of a shielded probe station, a

low-noise pre-amplifier (LNA, Stanford SR570), and a

dynamic signal analyzer (DSA, Agilent 35670 A). To measure

the ungated two-terminal devices, inside the shielding cham-

ber of the probe station, one Ohmic electrode of the device is

FIG. 1. Schematics of (a) MIS-HFET,

(b) MIS ungated two-terminal device,

(c) Schottky-HFET, and (d) Schottky

ungated two-terminal devices.

FIG. 2. Output characteristics of (a) MIS- and (b) Schottky-HFETs. Drain

current ID normalized by the gate width W as a function of drain-source volt-

age VD is obtained by changing gate-source voltage VG.
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connected to the LNA with applications of a DC bias voltage

and a DC offset current, while the other Ohmic electrode is

grounded. The current noise is amplified by the LNA, whose

output is entered to the DSA to obtain the power spectrum

density (PSD). For measurements of the HFETs, inside the

shielding chamber, the source is grounded, the drain is con-

nected to the LNA with applications of a DC bias drain volt-

age and a DC offset drain current, and a gate voltage is

applied from a parameter analyzer through an RC passive

low-pass filter (LPF) with a cut-off frequency�0.05 Hz to

eliminate the noise from the parameter analyzer. According to

specification of the LPF and the DSA, we obtain the current

noise PSD for a frequency range of f¼ 1-104 Hz.

We first measured LFN in the ungated two-terminal

devices. Figures 4(a) and 4(b) show examples of measure-

ment results of current noise PSD SI for the Ohmic regime

of the MIS and Schottky ungated devices, respectively, with

W¼ 100 lm and L¼ 2, 16 lm. We observe 1/f behavior

satisfying SI=I2 ’ K=f , with a constant factor K depending

on the device size, where the DC current I is varied by

changing the bias voltage V. No specific bump suggests no

specific high-density electron traps with a specific time con-

stant. In order to evaluate the factor K, we plot SIf as func-

tions of I in Figs. 5(a) and 5(b) for the MIS and Schottky

ungated devices, respectively, where we can confirm

SIf / I2.

Since the total resistance of the two-terminal ungated

devices is given by R¼ 2RcþR2DEG, where Rc¼ rc/W from

the contact and R2DEG¼ rsug L=W from the ungated 2DEG,

we obtain SI of the series-connected resistance

SI ¼ Sc
I

2Rc
2

2Rc þ R2DEGð Þ2
þ S2DEG

I

R2DEG
2

2Rc þ R2DEGð Þ2
; (1)

FIG. 3. Transfer characteristics with

gate current IG and transconductance

gm: (a) and (b) for MIS-HFETs, (c)

and (d) for Schottky-HFETs, (a) and

(c) for VD¼ 10 V in the saturation re-

gime, and (b) and (d) for VD¼ 0.1 V in

the linear regime.

FIG. 4. SI/I
2 as functions of f for (a) MIS and (b) Schottky ungated two-

terminal devices.
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where Sc
I and S2DEG

I are the current noise PSD generated by

one contact and the ungated 2DEG, respectively. Hence, we

obtain

K ¼ SIf

I2
¼ Kc

2Rc
2

2Rc þ R2DEGð Þ2
þ K2DEG

R2DEG
2

2Rc þ R2DEGð Þ2
;

(2)

where Kc and K2DEG are the factors for one contact and the

ungated 2DEG, respectively. The latter is obtained by the

Hooge theory40

K2DEG ¼
aug

N
¼ aug

nsugLW
; (3)

where aug is the Hooge parameter and N is the total electron

number of the ungated 2DEG. Since Rc / 1=W; R2DEG

/ L=W; Kc / 1=W, and K2DEG / 1=LW, KW is a single-

valued function of the electrode spacing L as shown in

Fig. 6(a) with the fitting line. Using the relation RW¼ 2rc

þ rsugL, we also obtain KW as a single-valued function of

RW as shown in Fig. 6(b) with the fitting line. From the fit-

ting, we can evaluate KcW ’ 1:9� 10�12 cm, which is com-

mon for the MIS and Schottky devices because of the same

Ohmic process. We also obtain aug ’ 2:2� 10�4 and

FIG. 5. SIf as functions of I for (a) MIS and (b) Schottky ungated two-

terminal devices.

FIG. 6. (a) KW as a function of the

electrode spacing L and (b) as a func-

tion of RW for MIS and Schottky

ungated two-terminal devices.

FIG. 7. SID
=ID

2 as functions of f for (a) MIS- and (b) Schottky-HFETs.
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5.0� 10�4 for the ungated region of the MIS and Schottky

devices, respectively. The smaller Hooge parameter aug in

the MIS devices can be attributed to the lower electron mo-

bility due to additional scattering mechanisms caused by the

gate insulator deposition, where the mobility fluctuation

dominates aug according to the Hooge theory.40

We next measured LFN in the HFETs. Figures 7(a) and

7(b) show examples of measurement results of drain current

noise PSD SID
for the linear regime of the MIS- and

Schottky-HFETs, respectively, with the fixed gate voltages

VG. We also observe 1/f behavior satisfying SID
=ID

2 ’
KHFET=f with a factor KHFET depending on the fixed VG,

where the drain current ID is varied by changing the drain

voltage VD. For the purpose of the evaluation of the factor

KHFET, in Figs. 8(a) and 8(b), we plot SID
f as functions of ID

for the MIS- and Schottky-HFETs, respectively, where we

can confirm SID
f / ID

2. The factor KHFET for the MIS- and

Schottky-HFETs as a function of VG is plotted in Figs. 9(a)

and 9(b), respectively, where the drain current ID and the

gate current IG for VD¼ 0.1 V in the linear regime are simul-

taneously shown. For the Schottky-HFETs, we observe a sin-

gular behavior of the factor KHFET at VG ’ �5 V; in the

regime below this voltage, the factor KHFET exhibits a weak

change. In this regime, the drain current is dominated by the

gate leakage as shown in Fig. 9(b). As a result, the LFN is

also dominated by the gate leakage, as confirmed by the

relation SID
f / IG

2 shown in Fig. 9(c). On the other hand,

LFN in the MIS-HFETs is always dominated by only the

channel current.

For the channel-current-dominated LFN, assuming the

HFET on-resistance Ron given by the series connection of

the intrinsic resistance Rint¼ rs LG=W, where rs is the sheet

resistance of the gated region, and the extrinsic resistance

Rext of the ungated part, we also obtain

SID
¼ Sint

ID

Rint
2

Rint þ Rextð Þ2
þ Sext

ID

Rext
2

Rint þ Rextð Þ2
(4)

and

KHFET ¼
SID

f

ID
2
¼ Kint

Rint
2

Rint þ Rextð Þ2
þ Kext

Rext
2

Rint þ Rextð Þ2
; (5)

FIG. 8. SID
f as functions of ID for (a) MIS- and (b) Schottky-HFETs. The

line of KextID
2 is given.

FIG. 9. KHFET as a function of VG for (a) MIS- and (b) Schottky-HFETs,

with ID and IG in the linear regime. (c) SID
f as a function of jIGj for

Schottky-HFETs.
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where Sint
ID

is the PSD generated by the intrinsic gated

region with a factor Kint depending on VG, and Sext
ID

is that

by the extrinsic ungated part with a factor Kext independent

of VG. Since the contribution from the ungated part in Eq.

(4) is less than Sext
ID

, when SID
� Sext

ID
¼ KextID

2=f ; SID
is

dominated by the intrinsic noise. From the value of the Rext

obtained by the DC characterization, we can evaluate Kext

of the ungated part using the relation given in Fig. 6(b);

Kext ’ 4:0� 10�11 and 8.2� 10�11 for the MIS- and

Schottky-HFETs, respectively. In Fig. 8, KextID
2 is shown

by the dotted line; data points approach to the line for large

VG. Using the value of Kext, we can evaluate the contribu-

tions to the factor KHFET from the first intrinsic and second

extrinsic terms in Eq. (5) as shown in Fig. 10, and also

obtain Kint depending on VG. In Figs. 11(a) and 11(b), we

show the relation between Kint and the sheet resistance rs

of the gated region for the MIS- and Schottky-HFETs,

respectively. For the small rs below the middle of 103 X/sq.

range, Kint / rs
�2 for both the MIS- and Schottky-HFETs.

On the other hand, the MIS-HFETs for rs � 105 X=sq:
exhibit Kint / rs

2, while the Schottky-HFETs for

rs � 104 X=sq: exhibit Kint / rs. The Kint is given by

Kint ¼
a
N
¼ a

nsLGW
; (6)

where a is the effective Hooge parameter, N is the total elec-

tron number, and ns is the sheet electron concentration in the

intrinsic gated region. Therefore, in order to obtain a, it is

necessary to evaluate ns depending on VG. Measuring C-V
characteristics of capacitors simultaneously fabricated, we

obtain the capacitance C, and ns calculated from the integra-

tion of C,18–20 as shown in Figs. 12(a) and 12(b), for the MIS

and Schottky devices, respectively. As a result, we obtain the

Hooge parameter a as a function of ns shown in Figs. 13(a)

and 13(b) for the MIS- and Schottky-HFETs, respectively.

We carried out the same analysis for HFETs with a different

gate length LG¼ 160 nm, whose results are also given in Fig.

13. The point of aug for the ungated region is simultaneously

plotted in Fig. 13. For the MIS-HFETs with the small

ns�5� 1011 cm�2, with increase in ns, we obtain decrease in

a / ns
�1. This behavior of a / ns

�1 is also observed for the

Schottky-HFETs for ns�1012 cm�2. On the other hand, for

5� 1011 cm�2�ns�1� 1012 cm�2, the MIS-HFETs exhibit

rapid decrease in a like ns
�n with n� 2-3, which is not

observed for the Schottky-HFETs. Moreover, we obtain

strong increase in a / ns
3 for ns � 2� 1012 cm�2 for both

the MIS- and Schottky-HFETs.

The regime of a / ns
�1 corresponds to Kint / rs

2 for the

MIS-HFETs and Kint / rs for the Schottky-HFETs; this differ-

ence is caused by different relations between ns and the elec-

tron mobility l in the intrinsic region. The relation

FIG. 10. The intrinsic and extrinsic contributions to KHFET for (a) MIS- and

(b) Schottky-HFETs.

FIG. 11. Kint as a function of the sheet resistance rs of the gated region for

(a) MIS- and (b) Schottky-HFETs.
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Kint / rs / ðnslÞ�1
for the Schottky-HFETs indicates l / ns,

while Kint / rs
2 / ðnslÞ�2

for the MIS-HFETs does l ’
const: in this regime. This behavior of a / ns

�1 is often

observed,17–20,26,41 and can be attributed to the electron number

fluctuation due to electron traps in AlGaN. In general, accord-

ing to Burgess theorem,42 we obtain the current fluctuation

dIð Þ2

I2
¼ 1

N

dlð Þ2

l2
þ dNð Þ2

N

" #

’
ðfh

f‘

SI

I2
df ’

ðfh

f‘

a
Nf

df ¼ a
N

ln
fh

f‘
; (7)

where f‘ and fh are the lower and higher limits of the 1/f spec-

trum, respectively.43 This gives

a ln
fh

f‘
’ dlð Þ2

l2
þ dNð Þ2

N
: (8)

The first and second terms correspond to the mobility fluctu-

ation and the electron number fluctuation, respectively. If the

electron number fluctuation is dominant, the Hooge parame-

ter is given by

a ’ dNð Þ2

N ln fh=f‘
: (9)

Assuming the electron number fluctuation caused by the traps

with a density D0 (in the unit of [cm�2 eV�1]), we obtain44

a � D0kBT

ns

; (10)

which explains the behavior of a / ns
�1. It is natural to

consider that this behavior should be significantly influenced

by the AlN/AlGaN interface states in the MIS-HFETs,

whose density is rather high, 1013 cm�2 eV�1 order or

more for energy levels near the AlGaN conduction band bot-

tom.7,8 However, the MIS-HFETs and Schottky-HFETs

show similar behaviors of a ’ 6:8� 108 cm�2 � ns
�1 and

a ’ 4:4� 108 cm�2 � ns
�1, respectively, both giving D0 of

1011 cm�2 eV�1 order. In this gate bias regime, AlN/AlGaN

interface state energy levels corresponding to the Fermi

energy are deep and have extremely long trapping time con-

stants, for example, calculated to be �5� 103 s for 0.7 eV

below the AlGaN conduction band bottom.8 As a result,

trapped electrons at the AlN/AlGaN interface states almost

“freeze” and, consequently, hardly contribute to the electron

number fluctuation. We consider that, for both the MIS- and

Schottky-HFETs, the observed D0 � 1011 cm�2eV�1 is rea-

sonable for traps in AlGaN close to the AlGaN/GaN inter-

face, which have much shorter time constants. On the other

hand, the rapid decrease in a like ns
�n with n� 2-3 is

observed only for the MIS-HFET. We tentatively assume

that this behavior is attributed to the mobility fluctuation spe-

cific for the MIS-HFETs. In addition, for both the MIS- and

FIG. 12. The capacitance C, and the sheet electron concentration ns under

the gate calculated from the integration of C, as functions of VG, for (a) MIS

and (b) Schottky devices.

FIG. 13. The Hooge parameter a as a function of the sheet electron concen-

tration ns under the gate for (a) MIS- and (b) Schottky-HFETs.
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Schottky-HFETs, we observe the strong increase in a / ns
3

for large ns. This corresponds to Kint / rs
�2, indicating

l ’ const: Such increase was observed for Schottky-HFETs

with large VG (Refs. 18–20) and sometimes attributed to

large gate leakage currents. However, this behavior cannot

be attributed to the gate leakage, which is significantly sup-

pressed in the MIS-HFETs, but can be related to the fluctua-

tion in the intrinsic gate voltage, which is enhanced for large

VG and ns by the fluctuation of the voltage across the extrin-

sic source resistance. According to this, a of the gated region

is larger than aug of the ungated region for the same sheet

electron concentration, as confirmed in Fig. 13. Even for the

intrinsic gated region, the LFN can be influenced by the ex-

trinsic part through the fluctuation of the intrinsic gate

voltage.

V. CONCLUSION

We have systematically investigated LFN in AlN/

AlGaN/GaN MIS devices in comparison with that in

AlGaN/GaN Schottky devices. By measuring LFN in

ungated two-terminal devices and HFETs, we elucidated

LFN characteristics in the intrinsic gated region of the

HFETs. Although there is a bias regime of the Schottky

HFETs in which LFN is dominated by the gate leakage cur-

rent, LFN in the MIS-HFETs is always dominated by only

the channel current. Analyzing the channel-current-domi-

nated LFN, we obtained Hooge parameters for the gated

region as a function of the sheet electron concentration

under the gate, which exhibits different behaviors for the

MIS- and Schottky-HFETs.
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