
Chin. Phys. B Vol. 23, No. 2 (2014) 020701

A unified drain current 1/ f1/ f1/ f noise model for GaN-based high
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In this work, we present a theoretical and experimental study on the drain current 1/ f noise in the AlGaN/GaN
high electron mobility transistor (HEMT). Based on both mobility fluctuation and carrier number fluctuation in a two-
dimensional electron gas (2DEG) channel of AlGaN/GaN HEMT, a unified drain current 1/ f noise model containing a
piezoelectric polarization effect and hot carrier effect is built. The drain current 1/ f noise induced by the piezoelectric
polarization effect is distinguished from that induced by the hot carrier effect through experiments and simulations. The
simulation results are in good agreement with the experimental results. Experiments show that after hot carrier injection,
the drain current 1/ f noise increases four orders of magnitude and the electrical parameter degradation ∆gm/gm reaches
54.9%. The drain current 1/ f noise degradation induced by the piezoelectric effect reaches one order of magnitude; the
electrical parameter degradation ∆gm/gm is 11.8%. This indicates that drain current 1/ f noise of the GaN-based HEMT
device is sensitive to the hot carrier effect and piezoelectric effect. This study provides a useful reliability characterization
tool for the AlGaN/GaN HEMTs.
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1. Introduction
After more than a decade of research, GaN-based high

electron mobility transistors (HEMTs) provide advantages for
power amplifier design, which may be used in areas of radar,
cellular base stations and satellite. However, their perfor-
mances are still restricted by frequency-dependent dispersion
mechanisms and permanent degradation mechanisms, which
act as the detriment of the predicted and long-term power
performances.[1] Low frequency noise (LFN) in HEMT is im-
portant since it becomes an important limitation of the de-
vice performances. These mechanisms originate either from
trapping-detrapping processes in surface states and deep traps
associated with material quality induced by piezoelectric po-
larization effects[2,3] or from permanent degradation induced
by hot carrier interaction with trap sites occurring in the gate-
drain region.[4] Although in as early as 1998, Balandin et al.[5]

measured the GaN-based HEMTs 1/ f noise. Later, for char-
acterizing various kinds of reliability problems of the GaN-
based HEMT device, Vertiatchikh and Eastman,[6] Rao and
Bosman[7] and Vitusevich et al.[8] established 1/ f noise mod-
els independently. All of their studies are based on the Hooge
carrier mobility fluctuation model. Also, in their 1/ f noise
models of the intrinsic defect, the stress situation was not con-
sidered. Manouchehri et al.[9] studied the AlGaN/GaN HEMT
1/ f noise model based on non-fundamental low frequency
noise theory. In nature, it is a GaN-based HEMT 1/ f noise
model based on the mobility fluctuation incorporation of the

piezoelectric effects. For the serious failure modes of hot car-
rier effects, very little is known about the 1/ f noise degra-
dation model caused by the hot-carrier effect in GaN-based
HEMTs. Therefore, there is an urgent need to establish a new
noise model that contains the hot carrier effect. For this prob-
lem, combining the actual working conditions of the device
(the operating conditions of the device refer to the room tem-
perature and switch conversion), we present a unified theo-
retical model for the drain current 1/ f noise based on both
the mobility fluctuation and carrier number fluctuation in the
two-dimensional electron gas (2DEG) channel of AlGaN/GaN
HEMT, in which the hot carrier effect and piezoelectric ef-
fect are considered. Through experiments and simulations,
the drain current 1/ f noise induced by the piezoelectric polar-
ization effect can be distinguished from the hot carrier effect.
Those results may provide a useful reliability characterization
tool for the AlGaN/GaN HEMTs.

2. Modeling

A number of contradictive approaches have so far been
adopted in modeling the 1/ f low frequency noise of electronic
devices. Among these, a model proposed by Hooge[6,7] sug-
gests that the LFN primarily originates from the carrier mobil-
ity fluctuation. An alternative model proposed by McWhorter
et al.[9] suggests that the 1/ f LFN is due to the carrier trap-
ping and de-trapping in a localized or a distributed band of trap
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sites.
In our approach, a unified theoretical model for the hot

carrier-induced drain current 1/ f noise based on the mobil-
ity fluctuation and the carrier number fluctuations is proposed.
There are three cases considered in our model

Case 1 in which for a fresh device, only the background
1/ f noise is considered, which means that the scattering of in-
trinsic defects from the carrier leads to the mobility fluctuation
of the device. Drain current 1/ f noise SID can be written as[6]

SID =
I2
D
f
· αH

N
, (1)

where ID is the channel current, f the frequency, αH the Hooge
parameter and N the channel carrier number of the unit area.
The Hooge parameter reflects the process defects in the de-
vice. As the Hooge parameter increases, more process defects
are produced in the device

Case 2 in which, for a device after piezoelectric
stress, drain current 1/ f noise is superimposed by RTN
noise (induced by carrier trapping-detrapping processes of
piezoelectric-induced surface states and deep traps) and back-
ground 1/ f noise. It can be written as[10]

SID =

(
I2
D

WL

)(
R
N
+αµ

)2

SNt , (2)

where ID is the channel current, W the channel width, L the
channel length, µ the channel carrier mobility, N the channel
carrier number of the unit area, Nt the trap density in the unit
area of the oxide layer, α the scattering coefficient of the trap
charge and R the change number of channel carriers caused by
unit trap. Since I2

D/WL is a constant, the first item R/N repre-
sents the carrier number fluctuation in the device and the sec-
ond item αµ represents the mobility fluctuations in the device.
The carriers number fluctuation is deemed to be caused by
the trapping/de-trapping of the 2DEG electrons from acceptor-
type trap centers located in the buffer layer; each trap causes
a random telegraph noise (RTN ).[9] Thus the power spectrum
density (PSD) is given by

SNt( f ) = 4∑
i

∆N2
i

τi

1+4π2 f 2τ2
i
, (3)

where SNt( f ) is the noise power spectrum density due to the
carrier fluctuation, ∆N2

i the variance of the carrier fluctuation,
τi the time constant assigned to each trap level and f the fre-
quency.

We consider a trap level with the density NT inside the
buffer layer. We define n0(y,E) = NT(y,E) · ft, where n0(y,E)
is the density of filled traps and ft is the Fermi distribution
function of the trapped levels.[9] The time-in-high-current-
level, τH, is simply the time when the trap is empty (the cap-
ture time is denoted by τc). Similarly, the time-in-low-current-
level τL, is the time when the trap is filled (the emission time
is represented by τe).

From Shockley–Read–Hall (SRH) statistics, the mean
capture and emission times corresponding to a single active
trap are given by[11]

τc =
1

σ(xt)vthn
, (4)

τe =
exp[(EF−ET)/kT ]

gσ(xt)vthn
, (5)

where vth is the average thermal velocity of the carriers, σ(xt)

the average capture cross section of an electron trap localized
at a distance xt the distance of electron trap to the edge of the
active region, g the degeneracy factor, n the number of channel
free carriers, ET the trap energy and EF the Fermi level. In the
emission time constant equation, the capture cross section can
be expressed as

σ(xt) = σ0 exp
(
− ∆EB

kT

)
exp
(
− xt

λt

)
, (6)

where σ0 is the cross-section pre-factor, ∆EB the barrier en-
ergy for carrier capture and λt the attenuation wave function
coefficient. To study the behaviors of traps on the edges of the
active region, one can analyze the bias voltage dependences
of the capture and emission times. Level 1 represents the trap
that is filled and level 2 represents the trap that is empty.

From the principle of detailed balance, one can write the
ratio of the mean emission time 〈τe〉 to the mean capture time
〈τc〉 as[11]

〈τc〉
〈τe〉

= gexp
(

ET−EF

kT

)
. (7)

The 2DEG concentration n is calculated with respect that the
lower edge of the conduction band of GaN is at the hetero-
interface. Starting from an initial position assumed at the
Fermi level (the lower edge of the conduction band of GaN
at the hetero-interface), the following equation is used:[9]

n =
ρx

e
−
(

ε0εx

(dAlGaN)2

)
[eφbx(eff)+EFx−∆ECx], (8)

where ρx is polarization-induced 2DEG charge density at the
polar AlGaN/GaN hetero-interface, e the electron charge, εx

the relative dielectric constant of AlGaN, dAlGaN the thickness
of the barrier, φbx(eff) the effective height of the Schottky bar-
rier and ∆ECx the conduction band discontinuity at the hetero-
interface. Subscript x shows all the values, each of which is
a function of the Al mole fraction. It should be mentioned
that in the non-ideal case, due to the existence of the surface
states, effective Schottky barrier can be quite independent of
Al mole fraction. If a band of continuous trap levels is consid-
ered, Eq. (1) can be written as

SN( f ) =
∫ Lg

0

∫ EC

EV

4∆N2(E,y)τh(τ)
1+4π2 f 2 dE dy, (9)

where Lg is the gate length, h(τ) the distribution function of
the carrier lifetime, which is not a specific function of τ and
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can be assumed to be in any form to have a variety of differ-
ent profiles, EV and EC are the valence and conduction band
energy levels of GaN.

SID =

(
I2
D

WL

)(
R
N
+αµ

)2

×
∫ Lg

0

∫ EC

EV

4∆N2(E,y)τh(τ)
1+4π2 f 2 dE dy. (10)

Case 3 in which for a device after hot carrier stress,
drain current 1/ f noise is superimposed by RTS noise (in-
duced by carrier trapping-detrapping processes of both piezo-
electric effects and hot carrier effects) and background 1/ f
noise. The time constant of the charge fluctuation can be cal-
culated based on hot carrier induced trap model,[12] (τi)

−1 =

(τc)
−1 +(τe)

−1. The ratio τc/τe is related to the trap energy
relative to the Fermi energy level, ET−EF and degeneracy fac-

tor g,

τc

τe
=
〈τH〉
〈τT〉

= gexp
[
− (Ecox−ET

−ΦAlGaN +
z

Tox
qVg)/KT

]
, (11)

where Ecox is the oxide conduction band energy, ΦAlGaN the
height of AlGaN barriers, Vg the gate voltage, Tox the gate
oxide thickness and z the distance between the trap and the
interface.

τc = 1/σnv̄ = τc0 exp(Ea/KT ), (12)

where σ is the capture section of carriers, v̄ the carrier average
speed of thermal motion, n the 2DEG concentration, τc0 the
inverse phonon frequency and Ea the activation energy. Ap-
plying this information to Eq. (5), the noise power spectral
density can be calculated as

SN( f ) = 4W
∫ Lg

0

∫ EC

EV

NT(E,y)h(y,E)exp
(

e(Et−EFnt)

KT

)
·σnv̄

{[σnv̄]2 +4π2 f 2} ·
[

1+ exp
(

e(Et−EFnt)

KT

)] dE dy, (13)

where EFnt is the quasi Fermi level of the trap sites and Et is
the trap energy level. It is worth noting that only trap centers
located within a few KT of EFnt are responsible for the G-R
process leading to 1/ f LFN characteristic. Trap centers far

from EFnt(|Et−EFnt| > 2KT ) are always either empty or oc-
cupied and therefore will not have a significant contribution
to G-R noise. Applying this information to Eq. (2), the noise
power spectral density can be calculated as

SID =

(
I2
D

WL

)(
R
N
+αµ

)2

·4W
∫ Lg

0

∫ EC

EV

NT(E,y)h(y,E)exp
(

e(Et−EFnt)

KT

)
·σnv̄

{[σnv̄]2 +4π2 f 2} ·
[

1+ exp
(

e(Et−EFnt)

KT

)] dE dy. (14)

3. Experiment
3.1. Device for test

The device for test consists of a 200-nm GaN buffer
layer and a 20-nm Al0.3Ga0.7N layer that is grown on a high-
resistivity SiC substrate by metal–organic chemical vapor de-
position (MOCVD). A Schottky gate contact of Ni/Au (20-
nm/20 nm) is formed by electron beam evaporation. Ohmic
contacts of the Ti/Al/Ni/Au (20 nm/120 nm/55 nm/45 nm) are
created for drain and source regions by electron beam evapo-
ration.

The transistor has a gate width of 100 µm and gate length
of 0.6 µm. Device structure and the motion of the stress-
produced carrier are shown in Fig. 1. Under piezoelectric
stress, piezoelectric charges are generated (including the posi-
tive surface charges and the charges of piezoelectric electrons).

S
G

D
 Al0.3Ga0.7N barrier (20 nm)

2DEG

GaN (2 mm)

SiC substrate

++

-

-

-

-

-- -

-

Fig. 1. Device structure and the motion of the stress-produced carriers, where
S and D represent the device’s source drain and G refers to the gate. The
empty white circles represent channel electrons. The solid gray circles rep-
resent the piezoelectric charges (positive surface charges and the charges of
electrons from the channel to the buffer layer) and the arrow indicates the di-
rection of their motion from the gate to the channel. The solid black circles
represent the hot electrons, the arrow indicates the direction of their motion
from the channel to the drain.
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Piezoelectric electrons are injected from the gate into the chan-
nel. Under the hot carrier stress, channel hot electrons are in-
jected from the channel through the barrier of the buffer layer
into the drain.

3.2. Hot carrier stress experiment

Devices are tested in the “ON-stress” (VDS = 10 V, VGS =

−2 V, after 10 h), with high drain–current flow and high elec-
tric field at the same time.[4] In “ON” bias conditions, a sub-
stantial fraction of channel electrons reach sufficient energies
to give rise to hot carrier effects, such as light emitting and
trap generation, with consequent significant transconductance
gm degradation. After stress, there is hot electron injection to
the drain, the internal electric field becomes high enough to
ionize donor states at the surface, which cause selectrons to
drift toward the AlGaN/GaN interface.

3.3. Piezoelectric stress experiments

Devices are tested in the “OFF-state” (VGS = −5 V and
VDS = 0.1V, after 10 h) with high inverse gate voltage and low
drain–current. In the “OFF ” bias condition, it has been found
that electrically active defects are generated in the AlGaN bar-
rier or its surface in the vicinity of the gate edge. These defects
are produced by the inverse piezoelectric effect introduced me-
chanical stress in the AlGaN barrier layer. They will become a
pathway of electron flow from the gate down to the channel. It
will result in trap generation and charge trapping, with a con-
sequent decrease in IDSS, gm and an increase in drain resistance
RD and gate leakage current.[4]

3.4. Electrical parameter test

We use the semiconductor parameter analyzer HP4156B
to measure the electronic parameters gm −Vgs of the device
before and after hot carrier injection and piezoelectric effects.

3.5. 1/ f1/ f1/ f noise parameter test

Drain–current 1/ f noises of all devices are measured by a
noise testing and analyzing system of electronic device based
on a virtual instrument, which is developed in our laboratory.
It includes four parts, i.e., bias circuits, low-noise preamplifier,
data acquisition card and microcomputer.

The source and drain of the device are grounded, which
means Vs =Vb = 0 V. All tests are carried out in a shield room
at room temperature. The stress experiments separate from
the noise test. The device operates in the linear region in noise
measurement, while it operates in the cut-off region in stress
measurement.

4. Results and analysis
At first, the test results of the electrical parameters are

used to verify the correctness of the experiment. Then, the

noise experimental results are analyzed and explained.

4.1. Results analysis of electrical parameter degradation

In general, piezoelectric effects and hot carrier effects are
characterized by electrical parameter degradation.[8,13] In or-
der to facilitate a comparison, the AlGaN/GaN HEMT hot
carrier effect is characterized by electrical parameter transcon-
ductance degradation ∆gm/gm, which is the same as the piezo-
electric effect. These degradations are caused by the stress-
generated defects. The defects trapping-detrapping process in
surface states and deep trap influence on transconductance can
be expressed as[14]

∆gm

gm
=− aµ0

1+aNtµ0
Nt, (15)

where Nt is the trap number varied by the hot carrier effect or
the piezoelectric effect, µ0 is the mobility before stress, a is
the empirical constant and the variation of transconductance
∆gm/gm is related to the number of traps Nt. As Nt increases,
the variation of transconductance decreases.

4.1.1. Hot carrier-induced electronic parameter degra-
dation

As is shown in Fig. 2, before stress gm(max) is
306 mS/mm, after hot carrier stress (Vds = 10 V, Vgs = −2 V,
after 10 h), gm(max) decreases to 138 mS/mm and the rate of
change ∆gm/gm is 54.9%. This result is similar to that in
Ref. [14].

-6 -4 -2 0
0

100

200

300

after hot carrier stress 
fresh

g
m
/
(m

S
/
m

m
)

VGS/V

Vds=10 V

Fig. 2. Transconductances before and after hot carrier stress. The curve
of fresh device is denoted by black solid square and that after stress is
represented with white hollow squares.

4.1.2. Piezoelectric-induced electronic parameter
degradation

As shown in Fig. 3, before stress gm(max) is 306 mS/mm,
after piezoelectric stress (VGS = −5 V and VDS = 0.1 V, after
10 h), gm(max) decreases to 270 mS/mm, and the rate of change
∆gm/gm is 11.8%. This result is similar to that in Ref. [4].
Here, the correctness of piezoelectric stress and the hot carrier
stress experiments are verified by electrical parameter degra-
dation.
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Fig. 3. Transconductances before and after piezoelectric stress. The
curve of a fresh device is denoted by black solid squares and those after
stress are represented with white hollow squares.

4.2. 1/ f1/ f1/ f noise tests and simulation results

We make a comparison between simulation results and
experimental data to verify the correctness of the above model.
Experimental and simulation results, i.e., drain current 1/ f
noise PSD before and after hot carrier effects and piezoelectric
effects, are shown in Fig. 4.

100 101 102 103

1T1016

1T1014

1T1012

1T1010

S
ID

/
(A

2
/
H

z
)

f/Hz

experiment
simulation

a fresh device

b after piezoelectric  effects

c after hot carrier effects

Fig. 4. Experimental and simulation results of hot carrier and piezoelec-
tric polarization effects induced drain current 1/ f noise PSD, where the
gray line denotes the measured data, the black line represents the simu-
lation results.

Case 1) For a fresh device, drain current 1/ f noise com-
plies with formula (1), there is only the background 1/ f noise
caused by the mobility fluctuation of channel carrier (as shown
by empty white circles in Fig. 5). The simulation results and
experimental data are shown by curve a in Fig. 4, where the
gray line shows the measured data and the black line repre-
sents the simulation result. Most parts of these two curves
coincide with each other.

Case 2) For a device after piezoelectric stress, drain cur-
rent 1/ f noise complies with formula (10). It is superim-
posed by RTN noise and background 1/ f noise, where RTN
noise is induced by carrier trapping–detrapping processes of
piezoelectric-induced surface states and deep traps (as shown
by the solid gray circle in Fig. 5; the arrows indicate the motion
direction of hot carriers or carriers produced by piezoelectric
stress from the gate to the channel). The simulation results
and experimental data are shown by curve b in Fig. 4, where

the gray line shows the measured data and the black line rep-
resents the simulation result. Most parts of these two curves
coincide with each other.

Case 3) For a device after hot carrier stress, drain current
1/ f noise complies with formula (14), which is superimposed
by RTS noise and background 1/ f noise. Here, RTS noise
is induced by carrier trapping–detrapping processes of both
the piezoelectric effect and hot carrier effect (as shown by the
solid black circle in Fig. 5; arrows indicate the motion direc-
tion of hot carriers or carriers produced by piezoelectric stress
from the channel to the drain). The simulation results and ex-
perimental data are shown by curve c in Fig. 4, where the gray
line shows the measured data and the black line represents the
simulation result. Most parts of these two curves coincide with
each other.

EC

EF

-

-

-

-

-

-

GaNAlGaN

 defect 

state

Fig. 5. Conduction band diagram of the cross section of the gate–drain
edge where EC is the conduction band energy level of GaN and EF is
the Fermi level. The empty white circle represents the channel electron.
The solid gray circle represents the piezoelectric charge (positive sur-
face charge and the charge of electrons from the channel to the buffer
layer) and the arrow indicates the direction of their motion from the
gate to the channel. The solid black circle represents the hot electron;
the arrow indicates the direction of their motion from the channel to the
drain.

The simulation is carried out using MATLAB software,
based on the multi-parameter 1/ f noise model. Simulation
parameters are used as follows: trap density, oxide conduc-
tion band energy Ecox = −0.5 eV, height of the AlGaN bar-
rier ΦAlGaN = 1.12 eV, capture section of carriers σ = 10−15,
2DEG concentration n = 1.2× 1013, activation energy Ea =

0.201 eV and polarization-induced 2DEG charge density ρx =

1×1012 cm−2.
According to the experimental results, the influences of

device electrical parameters and noise parameters of piezo-
electric stress and hot carrier stress are specifically analyzed.
Table 1 shows drain current 1/ f noise PSDs of a fresh device
before and after piezoelectric and hot carrier stress. Before and
after piezoelectric stress, 1/ f noise amplitude SID at 1 Hz in-
creases from 9.70604×10−15 to 6.54055×10−14; the rate of
change is 574.2%. The 1/ f noise amplitude SID at 10 Hz
increases from 8.8885×10−16 to 6.6372×10−15; the rate of
change is 645.7%. The 1/ f noise amplitude SID at 100 Hz
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increases from 1.61845×10−16 to 6.62444×10−16; the rate of
change is 313.7%. The 1/ f noise amplitude SID at 1000 Hz
from 9.78821×10−17 to 1.85634×10−16; the rate of change is
88.9%. Before and after hot carrier stress, 1/ f noise amplitude
SID at 1 Hz increases from 9.70604×10−15 to 1.9372×10−11;
the rate of change is 199610.6%. The 1/ f noise amplitude SID

at 10 Hz increases from 8.88851×10−16 to 1.90698×10−11;
the rate of change is 214257.4%. The 1/ f noise amplitude SID

at 100 Hz increases from 1.61845×10−16 to 1.39455×10−12;
the rate of change is 87146.2%. The 1/ f noise amplitude SID

at 1000 Hz from 9.78821×10−17 to 1.88307×10−13; the rate
of change is 19223.9%.

Table 1. Drain current 1/ f noises before and after hot carrier and piezo-
electric stress.

SID/(A2/Hz) Fresh Piezoelectric Hot carrier
1 Hz 9.70604×10−15 6.54055×10−14 1.9372×10−11

10 Hz 8.88851×10−16 6.6372×10−15 1.90698×10−11

100 Hz 1.61845×10−16 6.62444×10−16 1.39455×10−12

1000 Hz 9.78821×10−17 1.85634×10−16 1.88307×10−13

It suggests that hot carrier stress induces the largest
increase of drain current 1/ f noise amplitude SID, espe-
cially at 10 Hz with SID increasing from 8.88851×10−16 to
1.90698×10−11; the rate of change is 214257.4%. Piezoelec-
tric polarization induces the second largest increase of drain
current 1/ f noise amplitude SID, especially at 10Hz with SID

increasing from 8.88851×10−16 to 6.6372×10−15; the rate of
change is 645.7%. The electrical parameters ∆gm/gm under
hot carrier stress is small with the rate of change being 54.9%.
The electrical parameter ∆gm/gm under piezoelectric stress is
the smallest with the rate of change being 11.8%. So that,
hot carrier stress induces larger drain current 1/ f noise de-
generation than the piezoelectric polarization effect. Mean-
while, both of their degenerations are more than electronic pa-
rameters ∆gm/gm degeneration for AlGaN/GaN HEMTs. The
simulation result of 1/ f noise after hot carrier stress is too
large, because there is no consideration of the interaction be-
tween the piezoelectric positively charged defects and hot car-
rier negatively charged defects.

5. Conclusions
Hot carrier-induced drain current 1/ f noise in Al-

GaN/GaN HEMT is studied both theoretically and experi-
mentally. A unified drain current 1/ f noise model contain-
ing piezoelectric polarization effect and hot carrier effect is
built, which is based on the fluctuations of the number of car-
riers in the two-dimensional electron gas (2DEG) channel of
AlGaN/GaN HEMT. Experiments show that after hot carrier
injection, the drain current 1/ f noise degradation increases
four orders of magnitude; the electrical parameter degradation
∆gm/gm is 54.9%. The drain current 1/ f noise degradation re-
duces one order of magnitude by the piezoelectric polarization
effect; the electrical parameter degradation ∆gm/gm is 11.8%.
The simulation results are in good agreement with the exper-
imental results. We obtain that the drain current 1/ f noise is
sensitive to AlGaN/GaN HEMT hot carrier effects and piezo-
electric effects. The 1/ f noise parameter amplitude SID can
act as a useful reliability characterization tool for AlGaN/GaN
HEMTs.
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