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The low-frequency noise in AlGaN/GaN transmission line model structures has been investigated
for a wide range of ambient temperatures and dissipated powers. A deviation of low-frequency noise
from a 1/f dependence has been observed upon increasing the applied voltage. The effect correlates
with the nonlinearity of current-voltage characteristi€3/C). The concept of nonequilibrium 1/

noise has been introduced to explainf Infoise enhancement. A qualitative model connecting
non-equilibrium noise with nonlinearity of the CVC via a common origin—nonuniform overheating

of the structures—has been suggested. Furthermore, deviations of equilibrium noise fronh the 1/
law at low temperatures have been observed and studi€ZD0@ American Institute of Physics
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I. INTRODUCTION region, and sometimes even a decrease in current can be
observed. The latter is not typical and gives evidence of non-

ing two-dimensional2D) electron gas has considerably in- equilibrium processes in the 2D electron gas in TLM struc-
creased during recent years due to a number of unique pro[gqres as well as in similar HEMT structures. It should be
erties such as wide bandgap, polarization induced doping{;Ote.d that among a huge numper_of pu.b||cat|ons on the in-
and high breakdown fields of the Schottky barriers to the estigation of low-frequency noise in nitride structures, there

AlGaN. These properties allow the power handling capabil-are_ none With. an analysis of nonequilibrium noi§e eff(_acts.
ity of nitride-based devices, e.g., high electron mobility tran-No'se properties of these structures have been investigated

sistors(HEMTS), to be increased in comparison with conven-Wit_h the assumptior(explicit or implicit) of equilibrium

tional GaAs-based devicésAt the same time, the low- NS¢

frequency noise level in GaN-based transistors does nott In ?etzr?eral,_ﬂle equ'“br:.'u? ”9'?? Correspolnds to qu_ct::]ua-t
exceed that in GaAs-based HEMAS. ions of the resistance, which exist in a sample even withou

High operation power of these devices leads to a significurrent flow through the structufé. The small currents just

. 1
cant self-heating effect and, consequently, a change in theneIIO to reveal these fluctuatidfis” and for a homogeneous

working parameters. In HEMTs the self-heating effects re.5ample the following relations should be used at a certain

duce the 2D electron mobility and cause sublinearity in thefrequency:
current-voltage characteristi¢€VC) of the device® More- S %
over, the nonuniformity of the electric field applied to the 2 R
channel due to lateral redistribution of charge on the surface
or in the barrier also results in an increased channeivhere§ andS; are the spectral density of current and resis-
resistancé. tance fluctuations, respectivelyjs the current, andR is the

To investigate the above mentioned effects, transmissiofesistance of the sample.
line model(TLM) structures are most suitable. They repre- ~ With increasing applied voltage the intrinsic state of the
sent a HEMT structure with conducting channels of differentsystem changes due to current flow and nonequilibrium noise
length without nonuniformities in the electrical field intro- dominates in the systefi:> Nonequilibrium noise can be
duced by the gate electrode. In previous investigations, norflistinguished not only by deviations from linearity in depen-
linearity effects of current-voltage characteristics in TLM- denceS ~ 12 but also by changes in the shape of the spec-
structures have been studidIn the low-voltage region the tra. This occurs in the case when the system is no longer in a
CVC follows Ohm’s law. By increasing the voltage applied state of thermal equilibrium and, as a result, the noise re-

the dependence becomes sublinear, followed by a saturatigiPonse deviates from 1 lependence. We observed noise of

this type in TLM structures under certain conditidigrob-
3Author to whom correspondence should be addressed; on leave from Inqbly’ fm_gerprlnts of nonequmbrlum n.O.IS? have .also been re-
stitute of Semiconductor Physics, NASU, 03028 Kiev, Ukraine; electronicV€aled in HEMT structures. Nonequilibrium noise described

mail: s.vitusevich@fz-juelich.de in Ref. 15 appears as an increase of 8?2 value against

The recognition of AIGaN/GaN structures with conduct-

= const, (1)

0021-8979/2004/96(10)/5625/6/$22.00 5625 © 2004 American Institute of Physics

Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.1805719

5626 J. Appl. Phys., Vol. 96, No. 10, 15 November 2004 Vitusevich et al.

the original 1f noise in the low-frequency range of the spec- 107 pre
trum. In the frequency region where the transition from equi-
librium to nonequilibrium noise occurs the relative noise o _
spectral densityS/12 is proportional to 1f2. Further, the 107 = e
value of §/12 for nonequilibrium noise rises by increasing & L
the applied voltage and saturates at certain values of the volt x
age. The frequency of transition from linear to quadratic 10— % 10™
slope in theS/I1?=F(f) dependence also increases with ap- _ N 1 1Zamp,:iengfﬁLffmj°
plied voltage. In this work we present an analysis of the < N \\}\\\
behavior and origin of equilibrium and nonequilibriumfl/ ‘= 107 BN \ﬁ
noise in GaN-based 2D electron gas. n 1\
N
IIl. EXPERIMENT 10™
In our experiment we used gateless TLM devices. A de- 1-L=10pm \
tailed description of samples can be found elsewfaie 10" H2- L=15um N
used samples with channel length of 10, 15, 20, 25, 30, anc 3-L=20um —:W
35 um. The applied voltage was varied in the range from 4- L=25um
0.01 to 10 V, the maximal value of measured current did not 107 I
exceed 112 mA. The noise spectra were measured in the fre 10° 10' 10° 10° 10*
quency range from 1 Hz to 100 kHz. The measurements ai Frequency f (Hz)

room temperature were carried out without additional heat
sink, while the low temperature measurements were pef=IG. 1. Frequency spectra of the equilibrium noise for samples with channel

formed with an active heat sink with stabilized temperaturg®ndth from 10 to 25m measured at an applied voltage of 100 @V
=300 K). Upper inset: spectral noise density dependence on channel length

within a range of temperatures from 70 to 300 K. measured at=100 Hz. Dashed line shows inverse proportional dependence
of L.

IIl. RESULTS AND DISCUSSION

A. Equilibrium noise case fluctuations of the carrier mobility, the Hooge parametgr
First the equilibrium noise results will be discussed. Incan be estimated. For the spectra presented in Fig. 1 its value

our case the noise |eva/|2 Obeys Eq(l) up to several Wwas found to bGSYH=4>< 10_4 This result agrees falrly well
hundred millivolts. In this voltage range we consider theWith previously reported data of other authdts.
dominant contribution of the equilibrium part in the total ~ On the other hand, deviations from fldependence of
noise. According to Fig. 1, there is a typical floise de- equilibrium noise were observed in the spectra of TLM
pendence at room temperature. In some cases generatigiftuctures at lower temperatur¢igs. 2a and 2b)]. It
recombination excess noise was observed, but the power ghould be noted that the transformation of the spectra is of a
the 1/f noise dependence in these cases was also equal €@mplex nature. Upon the lowering temperature from 300 to
unity. The question concerning the origin of flnoise in 200 K the level of normalized noise at high frequencies in-
HEMTs is widely discussed in the literatuf®The main dis- creases considerably, while the low-frequency part of the
cussion topic is the model appropriate for describing the orispectra remains practically unchanged. The transient fre-
gin of the observed noise. At the moment, two theoreticauency(with y=0.8 in 1/f dependencdecorresponds to the
approaches to describe the flhoise are discussed: the frequency between unchanged and changed parts of the spec-
McWhorter and Hooge models. The main physical differencdra. The frequency shifts towards low frequency and exhibits
between these two cases is the origin of noise source&n exponential dependence on temperature with an activation
McWhorter’s model of the noise deals with surface or inter-energy of 0.4 eMFig. 3). In McWhorter’s model the origin
face noise sourcesfluctuations of concentrationAn),'’  of 1/f noise is considered to be caused by uniformly distrib-
while Hooge's model takes into consideration the distribu-uted traps in space and enefdyTherefore, any deviation
tion of noise sources in the volumenobility fluctuations, from 1/f dependence can be explained as a result of nonuni-
Aw).®® The question whetheAn or Au is responsible for form distribution of noise sources. However, the exponential
current fluctuations even in the case of equilibrium noise stiltemperature dependence of the frequency shift is not inherent
remains open. in the McWhorter 1f noise. Thus, McWhorter’s model
The difference, however, is very difficult to distinguish alone cannot explain the features observed in the spectra
experimentally and can be determined only for some speciakith decreasing temperature and should be supplemented to
cases. For our TLM structures case, as objects of investigatescribe the observed features.
tion both the McWhorter and Hooge models lead to a Itis known, however, that free-energy change in the bar-
fS/12~1/L dependence of normalized noise on the samplaier system caused by lateral transfer from 2D electron gas to
length. Such dependence is confirmed by our measuremenrdstrap location must be taken into account in the capture and
(see inset of Fig. fland is in good agreement with both emission processé%.The free-energy change may be of the
theories. In the Hooge model, in which the noise is deterorder of several hundred millivolfs.and this effect usually
mined by fluctuation of the channel resistance caused byeferred in literature as Coulomb blockadeln this case
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310" FIG. 4. Current-voltage characteristic for the device with channel length of
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2x10™ | ; ing i i
- of tunneling the electron capturing is thermoactivated pro-
o cess. In our case the value of Coulomb energy is 0.4 eV.
o
2

B. Nonequilibrium noise and its correlation with
equilibrium noise

The current-voltage characteristics of the samples be-
come strongly nonlinegiFig. 4) in TLM structures when the
applied voltage exceeds 1 V. At these voltageg). 5 a
strong deviation from 1ff dependence was observed in noise
spectra. This means that noise and transport effects are cor-
related and we will analyze them from the point of view of
$onequilibrium conditions.

The resistance of a sample increases with applied volt-
age, thus we can write it at each voltage in the following
form:**

R=R,+AR, (3)

10° 10" 10? 10° 10* 10°
Frequency f (Hz)

FIG. 2. Normalized spectra of the equilibrium noise measured for sampl
with channel length of 1@m atV=500 mV. Temperature of copper sample
holder was changed in steps of 20 (&) from T,=300 K (curve ) to T,
=180 K (curve 9, (b) from 160 K (curve 1 to 80 K (curve 5.

additional barrier for electron tunneling from 2D channel to
traps in the barrier appears that strongly affects the capturing
time. According to Coulomb blockade theory electron cap-WhereR, describes the ohmic part of CVC amR is the
turing time can be written as formula deviation from linear dependence on applied voltage compo-
1 p( AE) nents of the total resistance. Since th¥ characteristics of

.= ——ex 2) TLM structures are strongly nonlinega resistance increases

Cnng KT

where AE is Coulomb energyC, is electron capture con- 10°
stant, andhg is electron density. Thereby even with presence

10° ~ 107
7 %
o ’ “
X 0
;u_a, 10 » "
[ .
=
¢
.2 »
103 4 5 6 "
1000/T (K") 10 10' 107 10 10* 16°

Frequency f (Hz)
FIG. 3. Inverse temperature dependence of normalized transient time corre-
sponding to the noise spectral density of Figa)2at the level of 9K 10712 FIG. 5. Spectra of the normalized current noise for different values of the
(Arrhenius ploj. Dashed line corresponds to linear fit with the activation electric field E measured d@=300 K for the device with channel length of
energy level of 0.4 eV. 25 um and width of 100um.
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FIG. 6. The relative change of resistance of TLM structures of the sample oFIG. 7. Normalized spectral density of nonequilibrium part of hbise vs
different lengths measured as a function of dissipated power: under condrissipated power plotted for minimum analyzed frequency of 1 Hz. Sample
tions of active coolingtemperature kept constant at 290-Kempty sym- length is equal to 25 mm. The sample temperatures are shown in the inset.
bols and without active cooling at room temperature—filled symbols.

Lengths of the samples are shown in inset. L .
9 P sample temperatures coincide. Thus, the amplitude of non-

equilibrium fluctuations of sample resistance depends only
two and more times with applied voltagand samples have ©on value of dissipated power and does not depend on the
different lengths it is convenient to investigate noise andabsolute temperature of the sample. Therefore, nonequilib-
transport characteristics as a function of dissipated poweiium fluctuations can be caused either by an applied voltage
P(P=1V). To compare changes in the resistance of samples part of dissipated poweor by overheating of the sample
of different lengths we will analyze a relative increase of thedue to self-heating effects. It should be pointed out that the
resistance\R/R, (whereR, is the resistance measured at anamplitude of nonequilibrium fluctuations is saturated with
applied voltage that corresponds to the linear regime in théncreasing applied voltage and the shorter the sample the
CVC). The dependence of relative resistadd®/R; on dis-  [OWer the saturation value. o .
sipated power for samples of different length is shown in Additional information about the origin of the nonequi-
Fig. 6. The measurements were carried out in two regimeéibrium processes in the structures can be obtained from the
with and without active heat sink, which maintains the tem-analysis of 2the frequency at which the transition fronf 1/
perature of the sample at 290 K. In both regimes, under higif©iS€ t0 1f“ noise is observed, i.e., transient frequency of
dissipated power that corresponds to the presence of nofiPnequilibrium noise versus dissipated power. The depen-
equilibrium noise(P>10"3 W), the dependence is almost den_ce shoyvn in F|g.. 6 have well developed _exponennal be-
linear. Taking into account this result and the fact that the'2Vior- It is seen in Fig. 8 that the transient frequency

curves for samples of different lengths coincide we conclud@trongly depends on the sample temperature. Thus thermal

that the main reason for the resistance change is purely the@ctivation is the most appropriate mechanism of relaxation of

mal. Relative changes in magnitude ®dR/R, under differ- the fluctuations.

ent cooling regimes can be explained by different degrees of A$ we observed else_whejr%a low-frequency 17 noise
. and high-frequency I/noise are correlated. The noise level
the overheating effect.

At low temperatures the linear behavior of the depen—S/I2 of the high- frequency noise does not change with ap-
lied voltage. Therefore, we could suggest that low-

dence is conserved. The scaling coefficient of the depen- L ; .
dence is determined by the conditions of thermal conductivr-ﬁewency(the nonequilibrium 17) noise represents by itself

) o .~ an enhanced high-frequen¢gquilibrium 1/f) noise. More-
ity and heat dissipation elements of the system. The varlabISVer the amplification occurs via a mechanism possessing
part of the resistancAR in (2)] contributes to the total ’

. . . frequency dispersion with particular time that corresponds to
resistance and, consequently, to its fluctuations only WheBbserved transient frequency.

high voltages are applied. Therefore, fluctuationd\&¥ are
nonequilibrium fluctuations when the sample bias corre- I .
sponds to the nonlinear part in thé/) curve. The depen- C. Proposed model of nonequilibrium noise

dence of these fluctuations on dissipated power is shown in  The results obtained allow us to propose the following
Fig. 7. The slope of the dependerk®/1%(0)=F(P) as well model of nonequilibrium oscillations in gateless TLM de-
as the slope of the dependena®/Ry,=f(P) are equal to vices. Under equilibrium conditions in the conducting chan-
unity. Moreover, the amplitudes of nonequilibrium noise nel, equilibrium fluctuations of conductivity result in the usu-
measured as a function of dissipated power for differentlly observed equilibrium 1f/ noise. By increasing the
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in the barrier. At frequencies higher than the transient fre-
10* ASR qguency electrostatic equilibrium cannot be restored and elec-
trons captured by traps in the barrier move by hops. As a
74 result an additional channel responsible for nonequilibrium

/ noise appears. It represents by itself a hopping conductivity
/ with thermal activation of carriers to the conducting channel.

/ —

/
0/ /A o In summary, we investigated the fluctuation phenomena
—N / in 2DEG in gateless AlIGaN/GaN TLM heterostructures at

10’ L, . different electric fields and temperatures. The results of mea-

/ / surements at low voltages reveal the usual mhdise. The
/ o / Hooge coefficient was determined ag=4X 104, which

oy ,\/ agrees fairly well with previously reported data. At voltages

e higher than 1 V deviations from 1/noise were observed.

The pronounced transformation of the spectra is a clear sign

0.0 0.2 0.4 0.6 of nonequilibrium noise behavior. The amplitude of nonequi-

librium fluctuations of the sample resistance only depends on

the value of dissipated power and does not show any depen-

FIG. 8. The transient frequency dependence on dissipated peaydilled dence on the apsolute tem_peratur_e of a sample. The features

symbols; samples of different lengths L without cooling: squaresst) ~ Were analyzed together with nonlinearity effects on the dc

circle—15um, triangles—2Qum, diamonds—2%m; (b) open symbols;  current-voltage characteristic and can be ascribed to non-

(samples withl =25 um measured at different temperatuf®s squares—  equilibrium effects induced by lateral electrical field redistri-
100 K, circles—150 K, triangles—200 K, diamond—250 K. bution

10°

IV. CONCLUSIONS

10

Transient Frequency (Hz)

Dissipated Power P (W)
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