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We propose a model of the 1/f noise in GaN/AlGaN heterojunction field-effect transistors that links
the 1/f noise to the tunneling from the two-dimensional electron gas in the device channel into the
tail states near the conduction band of the GaN layer. The model predicts a fairly weak temperature
dependence of the 1/f noise in the temperature interval from 50 to 600 K with the value of the
Hooge parametera within the range of 10−3–10−5. Both these predictions are in agreement with
experimental data. ©2005 American Institute of Physics. fDOI: 10.1063/1.1931033g

I. INTRODUCTION

GaN/AlGaN heterostructure field-effect transistors
sHFETsd have emerged as attractive candidates for high-
power and high-frequency applications. Low-frequency
noise is one of the major factors determining the phase noise
characteristics of these devices. In addition, low-frequency
noise measurements are powerful tools to study impurity and
defects in semiconductor structures1,2 and to diagnose the
quality and reliability of semiconductor devices.3

In spite of many efforts, the mechanism of the 1/f noise
in GaN/AlGaN HFETs has not yet been established. Previ-
ous attempts to explain the nature of the 1/f noise in
AlGaN/GaN HFETs involve three different mechanisms.
The first mechanism links the 1/f noise to the occupancy
fluctuations of the tail states near the band edges.4–6 The
second mechanism involves fluctuations in the space-charge
regions surrounding dislocations. These fluctuationsswhich
might be either mobility fluctuations or fluctuations of the
width of the depletion regions surrounding the dislocationsd
modulate the resistance of the channel causing the 1/f
noise.7,8 The third mechanism explains the 1/f noise by elec-
tron tunneling from the two-dimensionals2Dd gas into the
traps in the adjacent GaN layers.9–12

The electron tunneling from the channel into the single
Si level in the GaN buffer layer was discussed in Ref. 10.
Since electrons can tunnel the different distances in order to
be captured by this level, the model yields a 1/f-like spec-
trum just like the well-known McWhorter model.13 The pre-
dicted noise temperature dependence of noise had a maxi-
mum at the temperature at which the Fermi level coincided
with the Si level.10

However, experiments show that the 1/f noise in such

GaN/AlGaN HFETs is often characterized by the weak tem-
perature dependence from cryogenic temperatures to 500–
600 K ssee Review4 and references thereind. In this paper, we
discuss the model of the 1/f noise related to the electron
tunneling from the 2D channel into the tail states in the GaN
buffer and show that this model is in agreement with the
experimental results. We also account for tunneling into a
donor level, which makes this model applicable to devices
with doped, compensated, or undoped channels.

II. THEORY

Figure 1sad shows a simplified band diagram of the
GaN/AlxGa1−xN heterostructure. Numerical values in Fig. 1
correspond to the typical-doped HFET structure with the Al
molar fractionx=0.3 in the wide-band-gap barrier layer and
with the GaN buffer doped by shallow donorssSid with the
activation energy of«c−«d=0.02 eV. The two-dimensional
electron concentration at the GaN/AlGaN interface isn0

=1.331013 cm−2.14–16 The density of the tail states in GaN
layer, rs«d, decreases exponentially as

rs«d = r0 expS−
«c − «

«0
D , s1d

wherer0=rs«cd is the density of the tail states at the bottom
of the conduction band.

The 2D electrons in the channel can tunnel into the GaN,
where they are captured by the tail states.

The characteristic capture timetc of an electron by a
level in the GaN layer could be expressed asadElectronic mail: roumis2@rpi.edu
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wheres is the capture cross section,m is electron effective
mass,p is longitudinal moment of electrons,fe is the Fermi
function for the electrons in the quantum well.

fe =
1

1 + e
«−«F

kT

, s3d

where« is the energy of electron, and«F is the Fermi energy.
A is the coefficient that depends on the quantum well

shape and has a dimension ofm−1. As seen in Fig. 1sad, the
electrons first tunnel under the bottom of the triangle quan-
tum well and then under the flat part of the conduction-band
edge. The electric field at the heterointerface is very high,
such that the voltage drop across the Bohr radius is compa-
rable or larger than the Bohr energy. The simplest model to
capture the qualitative feature of electron tunneling in such a
system is that of a rectangular potential wellfsee Fig. 1sbdg
that we are using in our calculations below.

The coefficientA in Eq. s2d for a rectangular quantum
well of the widtha is given by.

A =
2

a
S p

xa
D2

, s4d

where

x =
f2ms«c − «qdg1/2

q
, s5d

and s«c−«qd is the energy gap between the bottom of the
conduction band and the lowest quantum level in the well
sFig. 1d.

The capture cross sections is proportional to the expo-
nential function, describing the probability for an electron to
tunnel from the quantum well to the positionx in the GaN
layer:

s = s8 expS−
x

x0
D , s6d

where

x0 =
q

2f2ms«c − «qdg1/2. s7d

The electron tunneling can be phonon assisted. In this
case, electrons within a certain energy interval around the
energy level«8 can be captured by the level in GaN. The
probability to be captured is the largest for the electrons with
the energy equal to«8 and exponentially decreases with ei-
ther increase or decrease of the electron energy:

« . «8, s8 = s0e
−s«−«8d/«1

« , «8, s8 = s0e
−s«8−«d/«2. s8d

The expression for the noise density of the number of
carrier fluctuationssSn/n0

2dsl caused by the capture of elec-
trons tunneling on the single level with energy«8 for a tri-
angle quantum well was obtained in Ref. 10. For a rectangu-
lar quantum well it has the form.

SSn

n0
2D

sl

=
4t0Ne

WLn0
2E

0

`

dxFexpsx/x0dfs«8df1

− fs«8dg
1

1 + v2t0
2 exp 2sx/x0dG , s9d

whereNe is the concentration of the level with energy«8 ,n0

is the sheet electron concentration in the channel,W is the
gate width,L is source-drain distance,v=2pf,

t0 = FA
Î2m

pq2 s0
Î«8s«1 + «2dG−1 1 + expfs«8 − «Fd/kTg

1 + g expfs«8 − «Fd/kTg

s10d

fs«8d =
1

1 + ges«8−«Fd/kT
, s11d

is the level occupancy, andg is the level degeneracy factor.
The expression for the noise spectra caused by tunneling

on continuous levels of the tail states can be obtained by
integration of Eq.s9d over tail statesfsee Eq.s1dg:

FIG. 1. Simplified band diagram of the GaN/AlGaN quantum wellsad and
rectangular potential wellsbd used in calculations. Parameters are calculated
for GaN/Al0.3Ga0.7N heterojunction with doping level of GaN layer 2
31017 cm−3. T=300 K andn0=1.331013 cm−2.
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Sn

n0
2 =

2pr0x0

WLn0
2v
E

−`

«c

hes«−«cd/«0fs«df1 − fs«dgjd«

=
2pr0x0

WLn0
2v
E

−`

«c

es«−«cd/«0
ges«−«Fd/kT

s1 + ges«−«Fd/kTd2d«. s12d

Note that Eq.s12d does not include time constantt0 and,
consequently coefficientA.

For kT!«0, the main contribution to the integral in Eq.
s12d comes from the levels with the energy«<«F. For this
case, the approximate expression for the relative spectral
noise density has the form.

Sn

n0
2 <

2pr0x0

WLn0
2v

kTes«F−«cd/«0
ges«c−«Fd/kT

1 + ges«c−«Fd/kT . s13d

In the opposite limiting casekT@«0, the main contribu-
tion to the integral in Eq.s12d comes from the levels with
«=«c, and the expression for the relative noise spectral den-
sity becomes.

Sn

n0
2 =

2pr0x0

WLn0
2v

1

ges«c−«Fd/kT . s14d

III. ESTIMATES AND DISCUSSION

As seen from Eqs.s12d–s14d, this theory predicts the 1/f
noise spectrum. The level of 1/f noise in different semicon-
ductor materials and structures is usually characterized by
the dimensionless Hooge parameter,a:17

a =
Sn

n0
2 fN. s15d

Here N=n0WL is the total number of the conduction elec-
trons in the sample,f is the frequency of the analysis, and
Sn/n0

2 is the relative spectral density of noise. From Eqs.s12d
and s15d we obtain

a =
Ntx0

n0«0
E

−`

«c

d«hes«−«cd/«0 3 fs«df1 − fs«dgj . s16d

At kT!«0

al <
Ntx0

n0

kT

«0
es«F−«cd/«0

ges«c−«Fd/kT

1 + ges«c−«Fd/kT , s17d

andkT@«0

ah <
Ntx0

n0

1

ges«c−«Fd/kT , s18d

where

Nt =E
−`

«c

r0e
−«/«0 = «0r0 s19d

is the total trap concentration in the tail states.
To estimate the Hooge parameter, we need to know the

values ofNt ,n0,«0, and the temperature dependence of the
Fermi level,«FsTd.

TheNt and«0 values were estimated for Si and GaAs in
Refs. 18 and 19ssee Review20 for detailsd. For both semi-

conductors«0 was found to be close to 0.03 eV. The charac-
teristic energy«0 should be higher in semiconductors with
larger band gap and higher crystal imperfection. Absorption
coefficient measurements near the band-gap edge21 yield «0

<0.1 eV for GaN. A reasonable estimate for the total con-
centration of traps in the tail states is one to two orders of
magnitude smaller than the total doping levelNd+Na, where
Nd is the shallow donors concentration andNa,Nd is the
concentration of compensating acceptors.22

The temperature dependence of the Fermi level has to be
found from the neutrality condition:ssee, for example, Ref.
23d:

Nd − Na −
Nd

1 + ges«d−«Fd/kT = Nce
s«F−«cd/kT = n, s20d

whereNc is the conduction-band density of states. Figure 2
shows the temperature dependence of the Fermi level for
Nd−Na=231017 cm−3, g=2, and for different degrees of
compensation,Na/Nd.

The solid lines in Figs. 3sad and 3sbd show the tempera-
ture dependencies ofa, calculated from Eq.s16d for
n0=1.331013 cm−2, «0=0.1 eV, Nd−Na=231017 cm−3,
Nt=0.2sNd+Nad, and different compensation levelsNa/Nd.
As seen, the Hooge parametera depends only weakly on
temperature in the range from 50 to 600 K. As expected, the
level of the 1/f noise increases monotonically with compen-
sation growth while the temperature dependencies of noise
are identical for all compensation levels. The parametera
ranges from,10−5 to ,10−3 that agrees well with experi-
mental data.5,6 The dotted line 49 in Fig. 3sad shows the
dependence calculated using Eq.s17d for Na/Nd=0.5. As
seen, the results of analytical calculation agree well with the
numerical one in a temperature interval from 15 to 600 K.
Detailed analysis showed that Eq.s17d gives good approxi-
mation of Eq.s16d for kT,0.8«0 at any compensation levels
and«0 values. Equations18d gives a good approximation of
Eq. s16d only at kTù3«0.

The dashed lines in Figs. 3sad and 3sbd show the tem-
perature dependencies of the Hooge parametera for the
noise caused by electron tunneling from 2D channel to Si
doping level«d ssee Fig. 1d. Calculations were made for the
same compensation levels as for the tunneling to the density-
of-states tail. As seen, at low compensation levelsNa/Nd

ø0.5, the 1/f noise from single Si level predominates across

FIG. 2. Temperature dependencies of the Fermi level calculated using Eq.
s20d for different compensation levels,Na/Nd, for GaN layer withg=2 and
Nd=231017 cm−3.
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the whole temperature range. For example, atT=100 K and
at Na/Nd=0, noise from the local level is two orders of mag-
nitude higher than that for the density-of-states tail.

With the increase of the compensation, the difference
between noise amplitude originating from these two noise
sources becomes smaller. AtNa/Nd=0.8, the noise originat-
ing from the tunneling to the tail states predominates atT
ù400 K fcurves 5, 58 in Fig. 3sbdg while at Na/Nd=0.98,
noise from the density-of-states tail is higher than noise from
the Si level atT.100 K fcurves 7, 78 in Fig. 3sbdg.

Note the different temperature dependencies of noise for
local Si level and for the density-of-states tail. At relatively
low temperaturesT,80 K, noise from the density-of-states
tail linearly depends on temperature as expected from Eq.
s17d. Temperature dependence of noise for the local level has
a pronounced maximum at low compensation levels, which
becomes smaller and disappears at higher compensation lev-
els. At very high compensation levels, this noise only weakly
depends on temperature and does not tend to zero atT→0.

IV. CONCLUSION

The model of the 1/f noise in GaN/AlGaN HFETs
based on the phonon-assisted tunneling of the 2D electrons

to the tail states in the GaN buffer layer has been proposed.
This model predicts a weak temperature dependence of noise
and an increase of noise with compensation growth. An es-
timated values of the Hooge parametera=10−5–4310−4 are
in agreement with numerous experiments.5,6

ACKNOWLEDGMENTS

The work at Ioffe Physico-Technical Institute was sup-
ported by Russian Foundation for Basic Research Grant No.
05-02-1774. The work at RPI has been supported by the
National Science FoundationsProject Monitor Dr. Mulppuri
Raod.

1B. K. Jones, IEEE Trans. Electron Devices41, 2188s1994d.
2M. E. Levinshtein and S. L. Rumyantsev, Semicond. Sci. Technol.9, 1183
s1994d.

3L. K. J. Vandamme, IEEE Trans. Electron Devices41, 2176s1994d.
4M. E. Levinshtein, F. Pascal, S. Contreras, W. Knap, S. L. Rumyantsev, R.
Gaska, J. W. Jang, and M. S. Shur, Appl. Phys. Lett.72, 3053s1998d.

5M. E. Levinshtein, S. L. Rumyantsev, M. S. Shur, R. Gaska, and M. Asif
Khan, see Special Issue on Selected Topics on Noise in Semiconductor
DevicesfIEE Proc.-G: Circuits, Devices Syst.149, 32 s2002dg.

6M. E. Levinshtein, A. A. Balandin, S. L. Rumyantsev, and M. S. Shur, in
Noise and Fluctuations Control in Electronic Devices, edited by A. Ba-
landin sAmerican Scientific Publishers, Stevenson Ranch, CA, 2002d.

7J. A. Garrido, F. Calle, E. Munoz, I. Izpura, J. L. Sanches-Rojas, R. Li,
and K. L. Wang, Electron. Lett.34, 2357s1998d.

8J. A. Garrido, B. E. Foutz, J. A. Smart, J. R. Shealy, M. J. Murphy, W. J.
Schaff, and L. F. Eastman, Appl. Phys. Lett.76, 3442s2000d.

9S. L. Rumyantsev, N. Pala, M. S. Shur, M. E. Levinshtein, P. A. Ivanov,
M. Asif Khan, G. Simin, and J. Yang, Fluct. Noise Lett.1, L221 s2001d.

10S. L. Rumyantsevet al., J. Appl. Phys.92, 4726s2002d.
11M. E. Levinshtein, S. L. Rumyantsev, Y. Deng, M. S. Shur, R. Gaska, X.

Hu, M. Asif Khan, and G. Simin,Proceedings of the 17th International
Conference on Noise and Fluctuations, Prague, Czech Republic, 18–22
August 2003, edited by J. SikulasCNRL s.r.o., Brno, Czech Republic,
2003d, pp. 353–356

12S. L. Rumyantsevet al., J. Appl. Phys.96, 3845s2004d.
13A. L. McWhorter, in Semiconductor Surface Physics, edited by R. H.

Kingston,sUniversity of Pennsylvania Press, Philadelphia, PA, 1957d, pp.
207–228.

14S. L. Rumyantsevet al., Semicond. Sci. Technol.18, 589 s2003d.
15Properties of Advanced Semiconductor Materials: GaN, AlN, InN, BN,

SiC, and SiGe, edited by M. E. Levinshtein, S. L. Rumyantsev, and M. S.
Shur sWiley, New York, 2001d.

16M. S. Shur,GaAs Devices and CircuitssPlenum, New York, 1987d.
17F. N. Hooge, T. G. M. Kleinpenning, and L. K. J. Vandamme, Rep. Prog.

Phys. 44, 479 s1981d.
18N. V. Dyakonova and M. E. Levinshtein, Sov. Phys. Semicond.23, 175

s1989d.
19E. G. Guk, N. V. D’yakonova, M. E. Levinshtein, and S. L. Rumyantsev,

Sov. Phys. Semicond.24, 513 s1990d.
20N. V. Dyakonova, M. E. Levinshtein, and S. L. Rumyantsev, Sov. Phys.

Semicond.25, 1241s1991d.
21J. F. Muth, J. D. Brown, M. A. L. Johnson, Z. Yu, R. M. Kolbas, J. W.

Cook, Jr., and J. F. Schetzina, MRS Internet J. Nitride Semicond. Res.
4S1, G5.2 s1999d.

22M. E. Levinshtein and S. L. Rumyantsev, Sov. Phys. Semicond.24, 1125
s1990d.

23M. Shur,Physics of SemiconductorssPrentice Hall, Englewood Cliffs, NJ,
1990d p.56.

FIG. 3. Temperature dependencies of Hooge parametera for different com-
pensation levelsNa/Nd. Solid lines calculated using Eq.s16d correspond to
the noise caused by tunneling on the tail states. The dashed lines represent
the noise caused by tunneling on the doping Si level.Na/Nd:1 ,18–0;
2,28–0.2; 3,38–0.3; 4,48–0.5; 5,58–0.8; 6,68–0.9; 7,78–0.98; The dotted
line 49 in Fig. 3sad has been calculated according to Eq.s17d for Na/Nd

=0.5

123706-4 Dmitriev et al. J. Appl. Phys. 97, 123706 ~2005!

Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


