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Abstract

Low-frequency noise in AlGaN/InGaN/GaN double heterostructure field effect transistors was measured at room

and elevated temperatures as function of gate and drain voltages. Both 1=f noise and generation–recombination (g–r)
noises were observed. The Hooge parameter, a, was estimated to be close to 1� 10�3. The activation energy for ob-
served g–r noise was found to be Ea � 1:6 eV (the largest reported activation energy for GaN based devices). The

measurements also confirmed that the double heterostructure provided superior carrier confinement in 2D channel even

at high carrier concentrations.

� 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Group-III nitride heterostructure field effect transis-

tors (HFETs) have demonstrated impressive results in

high frequency and high power electronics. Recently

novel AlGaN/InGaN/GaN double heterostructure field-

effect transistors (DHFETs) have been reported for high

power high frequency applications [1]. DHFETs par-

ticularly attracted attention since they showed no cur-

rent collapse in either the pulsed I–V or the RF output
power characteristics.

Low frequency noise (LFN) is one of the major

factors determining the phase noise characteristics,

which are important for applications in microwave and

optical communication systems. The LFN properties of

GaN and AlGaN thin films and AlGaN/GaN HFETs

have been studied in numerous papers [2–6].

In this article, we present experimental data on the

LFN in double heterostructure field effect transistors

(DHFETs) and compare the results with those of LFN

studies for regular AlGaN/GaN HFETs.

2. Experimental details

The double heterostructure employed in this study

was grown by low-pressure metal organic chemical vapor

deposition (LP-MOCVD) at 76 Torr and consisted of a

1.4 lm undoped GaN buffer layer on i-SiC substrate,
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followed by 50 �AA InxGa1�xN layer with x < 0:1 and
capped by a 250 �AA Al0:25Ga0:75N layer. Traces of indium
were present through the structure and played an im-

portant role in improving the overall materials quality.

The growth temperatures for the GaN buffer, InGaN

channel, and AlGaN barrier layers were 1000, 760, and

1100 �C, respectively. Transistors with the gate length
and width of 1.5 and 200 lm and source–drain separa-

tion of 5 lm and transmission line model (TLM) test

structures were fabricated. Ti(200 �AA)/Al(500 �AA)/Ti(200
�AA)/Au(1500 �AA) metal layers were used for the ohmic
source and drain contacts. Ohmic contacts were an-

nealed at 800 �C for 60 s. Pt/Au Schottky contacts were
deposited as gate metal. The room temperature Hall

mobility and sheet carrier concentration for the depos-

ited DHFET structures were measured to be 800 cm�2/

Vs and 1� 1013 cm�2, respectively. This mobility value

was lower than typical values of the mobilities for regu-

lar AlGaN HFETs (typically around 1000–1500 cm2/V s

with the record value of 2000 cm2/V s [7]).

The LFN was measured in the frequency range from

1 Hz to 100 kHz in the temperature interval from 300 to

550 K in the common source configuration at small

values of the source–drain bias Vds (in the linear regime).
The voltage fluctuations SV from the 100 X resistor

connected in series with the drain were analyzed by a

SR770 Network Analyzer.

The spectral noise density of the short circuit drain

current fluctuations, SI, was calculated using the well-
known expression:

SI ¼
Rþ rd
Rrd

� �2
SV ð1Þ

where R ¼ 100 X is the load resistance, rd is the differ-
ential resistance of the device under test. The tempera-

ture dependencies of noise were measured with the gate

grounded and at a constant drain voltage. The probe

station with 10-lm diameter tungsten probes and con-

trolled pressure on the probes provided contacts to the

sample pads.

3. Results and discussion

3.1. The DC measurements

The capacitance–voltage measurements were per-

formed at frequencies from 1 to 10 kHz on the test

Schottky diodes with the area of 4� 10�4 cm2 in order

to find thickness and doping level of the double het-

erostructure layers. For the entire range of the gate bi-

ases, Vg, (from zero to the threshold voltage, VT) the gate
capacitance was practically constant, manifesting the

linear dependence of the electron channel sheet con-

centration ns on the gate bias. The thickness of the

double heterostructure barrier layers extracted from the

capacitance measurements was 25 nm, in agreement with

the estimated value from the growth parameters.

Measurements of the current–voltage characteristics

on the TLM structures with W ¼ 200 lm width and

distance, L, between the TLM pads ranging from 2 to 20

lm yielded the contact resistance of Rc ¼ 3 Xmm and

the sheet resistance of Rsh ¼ 900 X/square.
The electron mobility ln in 2D gas can be extracted

from the measured I–V characteristics:

ln ¼
Lg

qnsWRCh
ð2Þ

where RCh ¼ Rtot � Rcs � Rs � Rd;Rtot is the measured
drain–source resistance at low drain bias, Rcs is the total
series contact resistance Rcs ¼ 2Rc=W , Rs and Rd are the
series resistance of source-to-gate and gate-to-drain re-

gions, respectively. The values Rc, Rs and Rd, were found
from the TLM measurements and known dimensions of

the transistor. The sheet concentration ns at the gate bias
VGS was found from capacitance–voltage measurements:

ns ¼
1

q

Z VGS

VG0

CdVgs ð3Þ

where C is the capacitance per unit area, VG0 is the gate
voltage, which is taken to be well below the threshold

voltage, VT. Since at Vgs < VT, the gate capacitance is
very small, the chosen value of Vg1 does not significantly
affect the dependence nsðVGSÞ given by Eq. (3) [8].
Fig. 1 shows the dependence of the electron mobility

ln in 2D-gas on channel electron sheet concentration ns.
The inset shows the same dependence for SiO2/AlGaN/

GaN MOSHFETs reported in Ref. [9]. As seen in the

Fig. 1. Electron mobility dependence on sheet concentration of

2D gas in channel of DHFET. The inset shows the reported

characteristics for SiO2/AlGaN/GaN MOSHFETs in Ref. [8].
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figure, in both devices, ln first increases with ns, reaches
a maximum value, and then rapidly decreases with a

further increase of ns. However the concentration for the
maximum mobility in DHFET is ns ¼ 1:1� 1013 cm�2

which is almost the twice of that reported for MOSH-

FET. The increase of ln with ns can be explained by
increased screening of ionized impurities and disloca-

tions in the 2D electron gas [10,11]. The subsequent

decrease of ln can be attributed to the electron�s spil-
lover from the 2D-channel to a parallel low electron-

mobility ‘‘parasitic conduction channel’’ [12–14]. The

higher concentration value corresponding to the maxi-

mum mobility in DHFETs is evidence of the superior

carrier confinement in the channel of these devices.

3.2. Noise measurements

Fig. 2 shows the noise spectrum for a device with

W ¼ 150 lm at room temperature. As seen, 1=f noise is
the dominant noise at the temperature of 300 K. The

1=f noise level in different semiconductor materials and
structures is usually characterized by the dimensionless

Hooge parameter, a [15]:

a ¼ SI
I2
fN ð4Þ

where N is the total number of the conduction electrons
in the sample, f is the frequency of the analysis, SI=I2 is
the relative spectral density of noise. Using the value of

N extracted from capacitance–voltage measurements, we
found a � 1� 10�3. This value of a is comparable with
the values reported for regular AlGaN/GaN HFETs.

Contribution of the contact noise to the measured

noise spectra can be determined by the noise measure-

ments on the TLM structures [16].

Assuming that the noise sources are not correlated

and located in the contacts and in the channel, the

spectral noise density of the current fluctuations can be

expressed as follows:

SId
I2d

¼ SRChTLM
R2ChTLM

R2ChTLM
ðRChTLM þ RCÞ2

þ SRc
R2C

� R2C
ðRChTLM þ RCÞ2

ð5Þ

where SRChTLM, and SRc are spectral densities of channel
resistance RChTLM between contact pads, and contact

resistance RC fluctuations, respectively. When RChTLM 	
RC, the spectral noise density, SI=I2, should be pro-
portional to 1=L2 if the contact noise is dominant
(SRc 	 SRChTLM) and to 1=L if the spectral noise density
of the channel resistance fluctuations are dominant

(SRc 
 SRChTLM).
Symbols in Fig. 3 show experimental dependence of

noise measured at frequency f ¼ 100 Hz as a function of
the distance between contact pads in the TLM structure.

Since this dependence is close to the 1=L law, we con-
clude that contacts do not contribute much to the

overall noise.

The concentration dependence of noise in AlGaN/

GaN HFETs and SiO2/AlGaN/GaN MOSHFETs has

been discussed in the past [8,17]. To assess the concen-

tration dependence of noise, a more accurate procedure

of the a extraction should take into account different
noise properties of the channel and source-to-gate, gate-

to-drain regions, as well as the effect of the series drain

and source contact resistances. To account for this dif-

ference, we introduce two Hooge parameters: the Hooge

parameter for the channel under the gate aCh and the
Hooge parameter for the ungated regions a0. We esti-
mated these parameters using the procedures developed

in Ref. [17].

Assuming that the noise sources in gated and ungated

parts of the transistor are not correlated the dependence

of aCh on the channel concentration ns is given by

Fig. 2. Noise spectra of relative drain current fluctuations of

DHFET with W ¼ 150 lm L ¼ 1 lm.

Fig. 3. The dependence of the relative spectral noise density

SI=I2 on the distance L between the pads of TLM structures.

f ¼ 100 Hz.
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aCh ¼
SI
I2d

�
� a0R2sd
AsdnsdR2tot

�
AChnsR2tot

R2Ch
ð6Þ

where RCh and Rsd ¼ ðRs þ RdÞ are resistances of the
gated and ungated regions, respectively, Asd is the total
area of the drain-to-gate, gate-to-source openings, nsd is
the electron concentration in these regions, ns is the
electron concentration in the channel given by the Eq.

(3). At Vg ¼ 0 the 2D concentrations under the gate and
in ungated regions do not differ much. Therefore the

value of a0 can be estimated assuming that the value of
the Hooge parameter is the same for the channel and

ungated regions at zero gate voltage.

Fig. 4 shows the dependence of the Hooge parameter

aCh on the 2D sheet channel concentration, ns, calculated
for the DHFETs. At low channel concentrations, aCh
decreases with the increase of ns as aCh � 1=ns, reaches a
minimum and then increases with a further increase of

ns. The minimum of the Hooge parameter in Fig. 4

corresponds to nearly the same concentration ns as the
maximum in the mobility curve shown in Fig. 1.

The dependence aCh � 1=ns is often observed in

n-channel Si MOSFETs [18,19] as a result of tunneling

of electrons from semiconductor to traps in the oxide.

The same dependence was recently observed in AlGaN/

GaN HFETs [8] and explained by the tunneling from the

2D gas into the traps in AlGaN or/and GaN layers.

Since we observed the same behavior in AlGaN/InGaN/

GaN (DHFETs), the measured noise also might be

linked to the tunneling mechanism.

There might be several reasons for the increase of the

aCh at high concentration ns. As discussed above, the
decrease of the mobility at high concentrations, ns, can
be attributed to the electron spillover from the 2D-

channel to a parallel low electron-mobility ‘‘parasitic

conduction’’ channel. The noise level in such ‘‘parasitic

channel’’ could be very large and corresponds to

a � ð10�2–1Þ for the bulk GaN [20,21]. Another reasons

for aCh increase are contribution for noise from the

forward gate current and from the ungated parts of the

transistor which might become dominant when channel

noise is very small.

Fig. 5a shows the temperature dependence of the

noise spectral density SI=I2 in the frequency range from
100 to 3000 Hz. The temperature dependence of the

measured noise spectral density has a wide and pro-

nounced maximum at elevated temperatures. The tem-

perature Tmax corresponding to the maximum noise

increases with frequency that is typical for the genera-

tion–recombination noise caused by a local level [22–24].

Fig. 5b shows the dependence of 1=kTmax versus lnðf Þ
(the Arrhenius plot). The slope of this dependence gives

the activation energy Ea ¼ 1:6 eV. This is the largest
reported activation energy for GaN based devices.

4. Conclusions

LFN in AlGaN/InGaN/GaN (DHFETs was studied

within the temperature range from 300 to 520 K. Both,
Fig. 4. The dependence of Hooge parameter aCh on 2D sheet

carrier concentration ns for DHFETs.

Fig. 5. (a)Temperature dependence of LFN. (b) Arrhenius plot

for LFN. Slope gives the activation energy as 1.6 eV.
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1=f and generation recombination noise were found.

The Hooge parameter, a, was estimated to be about
1� 10�3. Noise measurements on TLM structures

showed that contacts do not contribute much to the

noise. The activation energy for observed g–r noise was

found to be Ea � 1:6 eV. This is the largest reported
activation energy for GaN based devices. The concen-

tration dependence of mobility showed that the double

heterostructure provided superior carrier confinement in

2D channel at high carrier concentrations. This result

might be linked to a smaller energy gap in the InGaN

quantum well layer (see recent data on small energy gap

of InN [25,26]). At low channel concentrations, aCh de-
creases with the increasing channel concentration fol-

lowing 1=ns dependence. This dependence might be the
evidence of noise generated by electron tunneling to

AlGaN barrier layer or to GaN bulk layer.
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