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Separation of hot-electron and self-heating effects in two-dimensional
AlGaN ÕGaN-based conducting channels
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We address experimental and theoretical study of a two-dimensional electron gas transport at low
and moderate electric fields. The devices under study are group-III nitride-based~AlGaN/GaN!
gateless heterostructures grown on sapphire. The transmission line model patterns of different
channel lengths,L, and of the same channel width are used. A strong dependence of the deviceI –V
characteristics on the channel length has been found. We have developed a simple theoretical model
to adequately describe the observed peculiarities in theI –V characteristics measured in steady-state
and pulsed (1026 s) regimes. The effect of the Joule heating of a heterostructure is clearly
distinguished. The thermal impedance and the channel temperature rise caused by the Joule
self-heating have been extracted for the devices of differentL at different values of dissipated power.
The current reduction due to both self-heating and hot-electron effects is determined quantitatively
as a function of the electric field. ©2003 American Institute of Physics.
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It has been established that at the AlGaN/GaN hetero
erface a conducting channel is formed with two-dimensio
electron gas~2DEG!. A high electron concentration in th
channel is achieved without intentional doping due to la
polarization fields inherent in the nitride material system1

Both experimental and theoretical investigations2–5 indicate
that the electron transport in the conducting channels rev
a number of properties quite different from what has be
observed in other III–V heterostructures.

High carrier concentrations~in excess of 1013 cm22) and
large values of the electron mobility and operating voltag
~dissipative power densities are in a few watts per millime
range! make it necessary to distinguish hot-electron eff
and self-heating phenomena for better understanding tr
port properties aimed to use the group III-nitride heterostr
tures in high power and high temperature microelectro
applications.

Indeed, since the carrier mobility is dependent on b
electric field strength,E, and lattice temperature,T0 , two
effects are present simultaneously: hot electrons6 and
self-heating.7,8 The self-heating is a local increase in crys
temperature due to dissipated Joule electric power,Pdis.
Separation between these effects is important to clarify
thermal budget of devices which optimization allows
reach the best device performance. A distinction can be m
by studying the change in transport characteristics by va
ing dissipated powerPdis at the same values of the electr
field E. In this letter, we realized the separation of ho
electron and self-heating effects by the study of AlGaN/G
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gateless heterostructures@transmission line model~TLM !
patterns# with different lengthsL of the conducting channel

The investigated devices are fabricated from AlGa
GaN ~33% Al! undoped heterostructures of 1.1mm GaN and
23 nm AlGaN covered with a 320 nm Si3N4 passivation
layer. The TLM structures are patterned on the same wafe
used for high electron mobility transistor~HEMT! device
formation grown by metalorganic chemical vapor deposit
on sapphire with 40 nm AlGaN~16% Al! intermediate nucle-
ation layer. The conducting channel of devices is of t
width W5100mm with the intercontact lengthL scaled to
varied distance as 1, 5, 10, 15, 20, and 25mm. The TLM
ohmic contacts were processed by Ti/Al/Ti/Au metallizati
annealed for 40 s at 800 °C. A room temperature mobility
1250 cm2/V s at a sheet carrier density of 1.0531013 cm22

has been measured in the 2DEG of the channel by mean
the Van der Pauw method. TheI –V characteristics have
been measured in steady-state and transient current co
tions with a time sweep as low as 1026 s ~Fig. 1!. Three
different regions are resolved in theI –V characteristics: a
low voltage~ohmic! region followed by sublinear and satu
ration ~or negative differential resistance! regions of current.
The regime of operation with saturation current for AlGa
GaN TLM structures has not been reported in literatu
Typically the saturation regime arises in HEMT structures
a gate effect. In gateless TLM structures the saturation is
different origin.

The main results obtained on the electron transport ch
acterization in the TLM AlGaN/GaN heterostructures a
presented in Fig. 2 asI –E curves, withE5V/L being an
average electric field in the conducting channel. The sim
geometry of the gateless devices provides this average
© 2003 American Institute of Physics
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to coincide with the local electric field in the channel. T
resistance of the ohmic region is proportionally scaled do
with TLM intercontact distance and shows a good coin
dence inI 5 f (E) dependence. Both pulsed and dc measu
ments show dependence of the current on the channel len
The longer the channel, the greater the observed differe
between dc and pulsedI –E characteristics. With increasin
L a portion on theI –E curve with saturation current man
fests itself already in the range of measured electric field
than 8 kV/cm. In general, the obtainedI –E characteristics
are strongly nonlinear although the considered field ra
~,8 kV/cm! is still below the fields of well-developed ho
electron regime expected from theoretical predictions.3,4

For a description of the observed behavior of theI –E
characteristics we use a simple theoretical model based o~i!
heat dissipation and heat-transfer modeling in the device
~ii ! self-consistent solution of coupled nonlinear equatio
for the channel currentI and the channel temperatureT. The

FIG. 1. Current–voltage characteristics of TLM structures measured
steady-state~solid lines! and pulsed~solid squares! regimes for different
channel lengthsL ~mm!: 1–1, 2–5, 3–15, 4–20, 5–25. Inset: illustration
considered thermal model.

FIG. 2. The result of calculationI vs E for L51 and 25mm ~dashed—
linear, solid—nonlinear self-heating! are compared with the experimenta
results: dc—dotted lines, 1ms pulse—solid squares. Solid and ope
circles—calculated ohmic and hot-electronI –E curves. Current reduction
due to hot-electron,DI he, and self-heating effects for two channel lengths
1 mm (DI sh1), and 25mm (DI sh25) is shown by vertical arrows.
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latter is determined by dissipated powerPdis and heat con-
duction properties in the device.

We suppose that corresponding thermal impedanc
primarily determined by the sapphire substrate7 ~see the inset
in Fig. 1!. If we neglect on the first stage of our analysis t
temperature dependence in the thermal conductivity of
substrate,l(T), the problem is reduced to the Laplac
equation.9,10 The boundary conditions can be set as a c
stant heat fluxq5Pdis/(WL) from hot zone~conducting
channel! on the top of the substrate; adiabatic thermal co
ditions all over the remainding surface (q50), except the
bottom where an isothermal condition is provided with
given temperatureT0 . These allow us to find temperatur
distribution in the substrate and evaluate the channel t
perature,T, averaged over the channel area,Sch5WL. The
temperature riseDT5T2T0 in the channel is related toPdis

through the chord thermal impedanceu5DT/Pdis. The lin-
ear one can be written as

u5 l /lSeff , Seff5d2/@11s~L/d,W/d,l /d!#, ~1!

where the functions52(s112s2) is expressed in terms o
infinite series11

s15 (
n51

@wn
2~W/d!1wn

2~L/d!# cn5m~ l /d& !, ~2!

s25 (
n,m51

`

wn
2~L/d!wm

2 ~W/d!cnm~ l /d!, ~3!

with wn(x)5sin(npx)/(npx) and cnm(x)

5tan(2pxAn21m2)/(2pxAn21m2). ForL5W5d, we get
s50 andSeff5S5d2. Then Eq.~1! reduces to the therma
impedance under a one-dimensional heat conduction.
(W,L),d, we get s.0 and, respectively,Seff,S, which
leads to an increase in the thermal impedance due to th
dimensional character of the heat conduction.

The currentI as a function of electric fieldE can be
determined from coupled equations

I 5em~T01DT,E!NWE, ~4!

DT5u~T0 ,L,Pdis!Pdis, ~5!

Pdis5IEL. ~6!

Heree is the electron charge,m is the electron mobility,N is
the sheet electron concentration in the conducting chan
Pdis5IEL. Later numerical solutions to Eqs.~4!–~6! are
found taking advantage of the earlier linear and nonlin
thermal impedance,9 as well as the recent results on th
Monte Carlo simulation4 of the 2D electron transport an
experimental study of the low field mobility on temperatu
at elevated temperatures in nitride heterostructures.12 Spe-
cifically, we take for the field dependence of the electr
mobility m(T,E)5m0(T)/@11z(E/Ec)

b#, with b, z, andEc

being fitting parameters.4 The low field electron mobility12 is
taken to bem0(T)5m300(300/T)1.8, wherem300 is the elec-
tron mobility at room temperature.

Thus, we have obtained the currentI and the temperature
rise DT as a function of the electric fieldE in the channels
with different lengthsL. The results of calculationsI vs E for
L51 and 25mm are presented in Fig. 2 compared with t
experimental curves. For these calculations we have used

in
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substrate parametersd51.5 mm, l 5300mm, and the ther-
mal conductivity of sapphirel(T) given in Ref. 13. As seen
from Fig. 2, the computational results are in a good agr
ment with the experimental data. In particular, at the elec
field of 8 kV/cm we obtain the temperature riseDT
536.2 K at Pdis50.63 W/mm for the channel withL
51 mm, and DT5228.7 K at Pdis56.9 W/mm for L
525mm. The thermal impedancesu1557.6 K mm/W and
u25532.9 K mm/W have been found forL51 and 25mm,
respectively. These values agree well with the thermal
pedance obtained for AlGaN/GaN HEMTs grown o
sapphire.7 It also can be estimated that the self-heating eff
results in 21.8% and 49.1% of the current reduction for 1 a
25 mm length conducting channels, respectively~Fig. 3!.
Note that for long channels the self-heating leads to nega
differential slope in theI –E curves observed in the exper
ment.

Since characteristic times determining self-heating kin
ics in the epilayer structure and the substrate may diffe
several orders of magnitude,7 pulsed (1026 s) measurement
exhibit only partial self-heating in comparison with th
steady-state regime. The comparison between the calcu
and experimentalI –E dependences for the device withL
525mm ~Fig. 2! indicates that about 50% of the full~dc!
temperature rise is reached in these measurements. In
the time required to establish steady-state thermal proces
distancel can be estimated ast5 l 2/D with D being the
thermal diffusivity given asl/rC, wherer is the mass den
sity andC is the specific heat capacity. Taking the followin
numerical values of material parameters for GaNr
56.09 g/cm3, C50.40 J/gK, l51.3 W/cm K and for sap-
phire 3.97 g/cm3, 0.42 J/gK, 0.33 W/cm K, we get the the
mal diffusivity for GaN of 0.53 cm2/s and for sapphire of 0.2
cm2/s, respectively. Using these values andl 51.1mm for
GaN layer and 300mm for sapphire substrate, we obtain th
corresponding times:tGaN52.331028 s and tsapph54.5
31023 s. These estimations demonstrate also that h
electron and self-heating kinetics are well resolved and
concept used of hot carriers in the lattice heated by dissip
power is justified.

In conclusion, we have investigated the 2DEG transp
in gateless AlGaN/GaN~TLM ! heterostructures grown o

FIG. 3. Separated current reduction due to hot-electron~solid circles! and
self-heating effects~see Fig. 2! for L51 mm ~right scale! and 25mm ~left
scale! for linear ~dashed! and nonlinear~solid! cases.
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sapphire with different lengths of the conducting channe
low and moderate electric fields. The observed strong dep
dence of the current on the channel length is explained
terms of Joule self-heating effect, which can lead to satu
tion current or negative differential resistance regimes. T
theoretical model used allowed us to discriminate betw
the current reduction due to hot-electron effect and chan
temperature rise caused by the self-heating. The result
pulsed measurements are interpreted in terms of partial
heating estimated as about 50% of the self-heating unde
dc measurements. The results obtained allow us to sug
that to utilize unique properties of group III-nitride heter
structures, including high speed of the channel electrons,
necessary to further optimize the thermal budget of devic
Such optimization can be achieved in addition to conv
tional methods14 by choosing a thinner sapphire substrate
shorter conducting channel, as well as short-time opera
regimes.
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