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Origin of noise in AlGaN/GaN heterostructures in the range of 10–100 MHz
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We report on the noise origin in AlGaN/GaN heterostructures for the frequency range of
10–100 MHz. High electron mobility transistor heterostructures were designed for high-power and
high-frequency application and grown on SiC substrates. The structures were patterned with Ohmic
transmission line model �5, 10, 15, 20, and 25 micrometer working distances� contacts and were
analyzed using I-V characteristics and noise figure measurements. Different possible mechanisms of
noise origin were considered and investigated in detail. The results of our analysis show that the
thermal noise and hot carrier noise play a minor role in the structure in the investigated frequency
range. At the same time, a dominant generation-recombination �G-R� noise is revealed. Moreover,
two different components of G-R noise are found demonstrating different temperature dependences
and as a result different physical origins of the noise are established. A detailed analysis of potential
profiles of the structure calculated self-consistently for several voltages allows us to propose a
physical model for the observed noise behavior. The fluctuations of electron concentration on the
first quantum level of the quantum well and the scattering of the electrons in the barrier layer play
a definite role in the noise phenomena. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2188048�
I. INTRODUCTION

AlGaN/GaN high electron mobility transistors �HEMTs�
and amplifiers based on them are important components of
high-frequency communication systems, including different
kinds of oscillators.1 For emerging signal-processing appli-
cations, the properties of noise characteristics play a critical
role. While a number of studies have been made on predict-
ing the noise origin in oscillators, the subject is still under
hot discussion2 due to strong nonlinear operation conditions
in the oscillator circuit. The investigation of fluctuation phe-
nomena of the HEMT structure in a wide range of applied
electrical fields is an important issue because its noise is
up-converted to high-frequency noise in the oscillator
circuit,3 and especially the MHz frequency range plays a
crucial role. This frequency region �where 1/ f noise de-
creases to the level of white noise� is an intermediate one.
The lower the level of noise in this region, the lower and the
narrower is up-converted high-frequency band noise. Noise
reduction in this region will allow the density and rate of
transmitted information in communication systems to be in-
creased. III-nitride materials and heterostructures are excel-
lent candidates for high-power, and therefore for extremely
low-phase noise, high-frequency oscillator development.4

Additional noise reduction and increasing stability and reli-
ability are expected after characterization of trap centers,
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control of the trap-related effects, and structure passivation.
Investigations of low-frequency fluctuations have proven to
be useful for studying “slow” fluctuations at low electric
fields �E�, while the study of intermediate-frequency and
high-frequency range fluctuations with increasing E and
“fast” process phenomena �where hot electron effects, en-
ergy, and impulse relaxation mechanisms become essential�
is more important for various applications. The optimal value
of the minimum noise in field effect transistors �FETs� is
usually obtained with a relatively low drain and gate
voltage,5 while high operation voltages are desirable for
power applications. One of the reasons for high-frequency
noise in FETs proposed in Ref. 6 is the hot carrier noise. In
this case, the carrier lifetime and the noise level of the device
are determined by interface states, introduced by hot carriers.
The authors found that the presence of interface states de-
creases the channel conductance and high-frequency thermal
current noise, and at the same time increases the induced
gate current noise.

The effect of surface passivation and surface states on
high-frequency noise performance of FET devices7 was in-
vestigated by using a SiN passivation layer. However, in
spite of the expected noise decrease, increasing noise was
registered mainly due to the decrease of associated power
gain, attributed to increased gate-source and gate-drain ca-
pacitances.

Detailed analysis by Pantisano and Cheng8 of the FET
high-frequency noise �1–2.5 GHz� as a function of degrada-

tion induced by electrical stress allows them to conclude that
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the physical origin of FET noise differs from that following
from the usually accepted physical models of thermal noise
and is due to previously unaccounted flicker noise at micro-
wave �MW� frequencies. The FET MW noise study revealed
a defect-related �flicker� origin of the noise in the FET. It was
demonstrated that in order to contribute to the high-
frequency noise, the traps must be very close to the interface.
In this case, tunnelling can be very efficient and the mini-
mum time constant for the charge exchange must be much
shorter than 10 ns. Therefore, the authors provide evidence
that the high-frequency noise of the FET should not be ther-
mal.

We report the results of investigations of voltage fluctua-
tions in AlGaN/GaN heterostructures in the frequency range
from 10 to 100 MHz in a wide range of applied biases. For
detailed analysis of the noise origin we used two equivalent
approaches: expressing noise through noise temperature as
well as through the resistance fluctuation model. Addition-
ally, self-consistently calculated potential profiles of the
structure at different voltages were analyzed.

II. EXPERIMENTAL DETAILS

All measurements were performed at room temperature.
The structures were grown by metal-organic chemical-vapor
deposition �MOCVD� on SiC substrate. A two-dimensional
electron gas �2DEG� was formed by undoped AlGaN/GaN
layers. A detailed description of layer structure can be found
elsewhere.9 As the object of investigation, a set of Ohmic
contacts in the form of transmission line model �TLM� struc-
tures was used with a channel length between the contacts of
L=5, 10, 15, 20, and 25 �m. The noise was measured in a
so-called “longitudinal” configuration, where the same con-
tacts are used for applying current and measuring voltage
fluctuations. The noise and high-frequency conductivity were
measured with a Hewlett-Packard noise figure meter HP
8970B.

Typical current-voltage dependences of the TLM struc-
tures are shown in Fig. 1�a�. The dependences are linear up
to bias voltages U�1–2 V �depending on length of the
structure�. At higher voltages the current growth decreases
and eventually saturates. As it was also shown,10 the depen-
dence of the relative change of resistance on dissipated
power P= IU is linear �Fig. 1�b�� and coincides for samples
of different lengths. Assuming that the increase of tempera-
ture is proportional to the dissipated power we can conclude
that the change of resistance of the sample is proportional to
the change of temperature. This fact will be used in our later
analysis.

III. RESULTS AND DISCUSSION

Spectral density of voltage fluctuations SV� was extracted
from the measured noise figure using equation

F = 10 log
SV� + SV0

SV0
, �1�

where SV0=4kT�50� is the thermal noise of the 50 � imped-
ance waveguide, k is the Boltzmann constant, and T is the

temperature. It should be noted that the noise of the noise
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figure meter device is excluded. Typical voltage noise results
measured at frequency f =90 MHz for HEMT structure pat-
terned with TLM contacts of different lengths from
5 to 25 �m versus applied voltage are shown in Fig. 2. The
observed noise behavior correlates with the nonlinearity of
the current-voltage characteristics.

To analyze the obtained noise results we considered
three possible mechanisms of noise origin. Noise in the
range from 10 to 100 MHz can contain equilibrium thermal
�Nyquist� noise. It may also contain diffusive noise of hot
electrons and excessive current noise, caused by generation-
recombination processes. Below we consider each of the
above-mentioned mechanisms in detail.

FIG. 1. �a� Current-voltage characteristics for the devices with a channel
width of 100 �m and different channel lengths �shown in inset to the fig-
ure�. �b� The relative change of resistance of TLM structures of the samples
of different lengths measured as a function of dissipated power. Dashed line
shows approximation slope.

FIG. 2. Voltage noise spectral density measured at frequency f =90 MHz for

TLM structures of different lengths vs applied voltage.

 AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



073706-3 Vitusevich et al. J. Appl. Phys. 99, 073706 �2006�
A. Thermal noise

The origin of the observed noise as a thermal noise will
be discussed first. For the investigated voltage range, we
consider that the shape of the electron distribution function
does not change under applied biases. In this case, the tem-
perature of the two-dimensional electron gas coincides with
the lattice temperature, and the thermal noise spectral density
is determined by the formula

SV = 4kT Re�Z� , �2�

where Z is full impedance of the object. The resistance of the
sample in the case of self-heating can be determined as

R = R0 + �R , �3�

where R0 is the resistance without self-heating effect, and �R
is the resistance deviation due to heating effect. Taking into
account the linear dependence of the relative change of the
resistance versus dissipated power, the resistance and the
temperature of the sample can be described as

R = R0 + k1P , T = T0 + k2P , �4�

where k1 and k2 are constants. Then the thermal noise can be
written as

SV = 4k�T0 + k2P��R0 + k1P� . �5�

The equation after normalization to R0 �obtained by extrapo-
lation of R to V=0� will be represented in the following
form:

SV

R0
= 4k�T0 + � k1

R0
T0 + k2�P +

k1

R0
k2P2	 . �6�

The value of k1 /R0 equal to 3.67 W−1 is the same for all
samples due to the coincidence of the curves shown in Fig.
1�b�, corresponding to the samples of different lengths. Ac-
cording to the Eq. �6�, SV�P� contains three terms: constant
level term SV0=4kT0R0, linear term, and term with quadratic
versus power dependence. Figure 3 shows the theoretical de-
pendence �6� calculated for the sample with a length of L
=25 �m and the experimentally obtained relative noise in-
crease as a function of the power for a frequency of f

FIG. 3. Spectral density of noise fluctuations as a function of dissipated
power, measured for samples of different lengths. Dashed curve corresponds
to the theoretical curve according to Eq. �6� for the sample with a length of
25 �m.
=90 MHz. From the coincidence of the fitting curve to the
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experimental data the coefficient k2 is extracted equal to k2

=2200 K/W.
As can be seen, even if we assume that dissipated power

is about 1 W, then the overheating value is �T=2200 K
�which is definitely much larger than any experimental
evaluations�, the value of the measured noise is still higher
than the calculated noise. Moreover, the experimental depen-
dences for samples of different lengths do not coincide as
should follow from Eq. �6�. Therefore, we can conclude that
the observed noise cannot be the thermal noise.

B. Hot carrier noise

Let us now analyze the results within the model of dif-
fusive hot electron noise, driven by the scattering of hot elec-
trons on phonons.11 For this we shall represent our measured
noise in terms of noise temperature �experimental points in
Fig. 4� and build the dependence of the noise on power ap-
plied to one electron. In the same coordinates we shall plot
the value of hot electron noise, calculated with the empirical
formula11 that takes into account phonon scattering,

Ps = ��/�ph
exp�− ��/kTn�

+ �exp�− ��/kTn� − 1�/�exp���/kTL� − 1�� , �7�

where ��=0.09 eV is the energy of the optical phonon, TL

=300 K is the lattice temperature, Tn is the noise tempera-
ture, and Ps is the dissipated power per one electron. Curve 2
corresponds to the typical value of phonon time
�ph=350 fs;12 curve 1, which partially coincides with the ex-
perimental points, corresponds to �ph=50 ns, which is much
higher than the value commonly used for GaN-based struc-
tures. Consequently, the hot electron noise cannot explain the
observed results either.

C. Generation-recombination noise

Let us now consider the third possibility: measured noise
is generation-recombination �G-R� noise. This is determined

13

FIG. 4. Noise temperature dependence on dissipated power per one electron
measured for samples of different lengths. Theoretical dependences calcu-
lated according to Eq. �7� calculated for �ph=50 ns �curve 1� and �ph

=350 fs �curve 2� are shown by lines.
by the following formula:
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Sl = 4
�N2

N2

I2�

1 + ����2 , �8�

where SI=SV /R2 is the spectral density of current fluctua-
tions, N is the mean value of full number of electrons in a
sample, �N2 is the mean square value of deviation of elec-
tron number from its mean value, � is the frequency, and � is
the time constant of G-R process. The value �N2 /N=g de-
pends only on the statistics of electrons and not on N. Let us
assume that the investigated frequency f =90 MHz lies
within a region where ���1. Then expression �8� can be
written as

SlN

I2 = 4g� . �9�

The right side of �9� does not depend on sample size but
can depend on temperature �dissipated power�. Therefore we
shall build a dependence of the left side of �9� on dissipated
power, taking into account that a number of electrons N are
proportional to length of a sample L. Since, as stated above,
the temperature of the sample is determined solely by dissi-
pated power, the curves obtained for different lengths should
coincide �due to coincidence of corresponding resistance-
power characteristics for different sample lengths�.

As the thermal noise is always present at the nonzero
temperature, we should subtract the value SV0=4kT0R from
the analyzed spectra. As a result we obtain dependence of
value L�SV−SV0� / I2R2 on dissipated power P=UI �Fig. 5�.

Additional thermal noise SVT=4k�T−T0�R under condi-
tion T−T0=k2P �as explained above� equals

SVT = 4kk2I2R2. �10�

In the coordinates of Fig. 5

LSVT

I2R2 = 4kk2L . �11�

At k2=1200 K/W �the extraction procedure for this coeffi-
cient will be described below� and L=25 �m, 4kk2L=1.66
�10−22 cm s can be obtained. The value is much lower than
the measured level of noise. At smaller lengths the value will
only be lower, so that this additional thermal noise can be

FIG. 5. Dependence of normalized noise of samples of different lengths on
dissipated power at f =90 MHz.
neglected.
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It is seen from Fig. 5 that not only do the curves for L
=25, 20, and 15 �m coincide well at low power, but also the
position and shape of the special feature observed at high
power in the range from 0.1 to 0.6 W coincide with the
maximum at P�0.25 W. This feature confirms our assump-
tion of the G-R character of the observed noise.

Two kinds of transport mechanisms in two-dimensional
electron channels may be responsible for generation-
recombination noise. The first one is the electron redistribu-
tion due to the presence of more than one quantum level with
different mobility. In this case, spontaneous transitions be-
tween the levels lead to fluctuations of the total conductance
of the channel. This model was used in Ref. 14 to explain
excessive noise at f =10 GHz. The second reason for the
G-R noise can be the penetration of the 2D electron wave
function to the barrier region of the structure, where the con-
centration of traps is generally higher. The mobility of these
electrons is therefore reduced due to interaction with the
traps.

To analyze the influence of the first suggested mecha-
nism of G-R noise we self-consistently calculated the poten-
tial profile of the structure at different temperatures. The
band diagram calculated for temperature T=300 K is shown
in Fig. 6. The positions of the ground and first excited quan-
tum levels in 2DEG relative to the Fermi energy calculated
for different temperatures are shown in Fig. 7�a�. It is inter-
esting to note that at T�600 K the position of the first ex-
cited level coincides with the Fermi energy. According to the
theory of G-R noise, the temperature dependence of Eq. �9�
should have a maximum at this point. Indeed, in Fig. 5 we
observe such a maximum at W�0.25 W, which allows us to
ascribe this noise feature to the fluctuation of the number of
electrons at the first excited quantum level. Now we can
estimate the value of k2 :k2=�T / P=300 K/0.25 W
=1200 K/W. This value is much smaller than k2

=2200 K/W used in our analysis of the influence of thermal
noise �Fig. 3� and can serve as further evidence of the neg-
ligible role of equilibrium thermal noise in the total mea-
sured noise spectra.

To evaluate the role of the second reason mentioned
above for excessive noise in the structure, we plotted elec-
tron density normalized to a maximum �in the ground level
of 2DEG� as a function of coordinate x, perpendicular to the
2DEG layer �Fig. 7�b��. Increasing the temperature leads to a

FIG. 6. Calculated local density of states and potential profile of the HEMT
structure at T=300 K.
rise of electron density within the barrier layer �x	23 nm�.
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This rise should lead to an increasing number of electrons
with lower mobility and, consequently, to an increase in the
noise caused by an exchange between fast and slow electron
populations. But, as is seen from Fig. 5, the total noise of the
structure does not increase with temperature �dissipated
power�. Therefore this model cannot be used to explain the
results of noise measurements at f =90 MHz.

A similar analysis was carried out for noise results ob-
tained at 20 MHz frequency. The temperature dependence of
Eq. �9� was also found to coincide for samples of different
lengths �Fig. 8�a��, but in this case the character of the de-
pendence differs from the results obtained at f =90 MHz.

Our analysis shows that the noise also has a generation-
recombination character, but of different origin. The fre-
quency dependence of noise measured at a dissipated power
of 0.3 W �Fig. 8�b�� shows nonzero frequency slope, which
can be analyzed as a spectrum combined from two noise
components. The first one is a high-frequency component
described above for f =90 MHz. The second one is at lower
frequencies, with a corner frequency of around f0=50 MHz,
which corresponds to the time constant �=3.2 ns. This com-
ponent can originate from the increase in the population of
electrons in the barrier region of the structure with tempera-
ture �Fig. 7�b��. This model can explain the effect of increas-
ing noise at 20 MHz with a rise of dissipated power and,

FIG. 7. Results of self-consistent calculation of Poisson and Schrödinger’s
equations. �a� Dependence of position of ground and first exited levels in
2DEG. �b� Distribution of density of 2DEG in the direction perpendicular to
the interface at different temperatures. The interface position is at 23 nm in
the calculation.
correspondingly, with an increase of temperature �Fig. 8�a��.
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IV. CONCLUSIONS

The noise figure and the corresponding value of voltage
noise fluctuations of AlGaN/GaN transistor heterostructures
are analyzed in the important frequency range from
10 to 100 MHz for different applied biases. It was estab-
lished that the observed noise cannot be thermal noise, be-
cause this would yield an extremely high overheating tem-
perature, about 2200 K. Also hot carrier noise cannot explain
the observed results, since in this case phonon lifetime
should be very long, i.e., about 50 ns. At the same time, the
results are very well described in the generation-
recombination noise approach. Moreover, two independent
components of the noise with different temperature behavior
were observed and investigated. It was determined that the
maximum observed in the temperature dependence of noise
is caused by G-R fluctuations at points of coincidence of
quantum level with Fermi energy. Therefore the noise, mea-
sured at f =90 MHz, originates from fluctuations of concen-
tration at the first excited quantum level of 2DEG. Another
G-R component was observed at lower frequencies with time
constant �=3.2 ns. This demonstrates a different temperature
dependence. The mechanism of the noise can be explained
by increasing the penetration of electron wave functions into
the barrier region with increase of self-heating.
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