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Separation of hot-electron and self-heating effects in two-dimensional
AlGaN/GaN-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-Ill nitride-bakedN/GaN
gateless heterostructures grown on sapphire. The transmission line model patterns of different
channel lengthd,, and of the same channel width are used. A strong dependence of the IdeVice
characteristics on the channel length has been found. We have developed a simple theoretical model
to adequately describe the observed peculiarities ih-+thécharacteristics measured in steady-state

and pulsed (10°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 diffdreidifferent 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. @003 American Institute of Physics.
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It has been established that at the AIGaN/GaN heterointgateless heterostructurggransmission line mode(TLM)
erface a conducting channel is formed with two-dimensionapatterng with different lengthd_ of the conducting channel.
electron gag2DEG). A high electron concentration in the The investigated devices are fabricated from AlGaN/
channel is achieved without intentional doping due to largeGaN (33% Al) undoped heterostructures of Juin GaN and
polarization fields inherent in the nitride material system. 23 nm AlGaN covered with a 320 nm I, passivation
Both experimental and theoretical investigatonisndicate  layer. The TLM structures are patterned on the same wafer as
that the electron transport in the conducting channels revealssed for high electron mobility transist¢HEMT) device
a number of properties quite different from what has beerformation grown by metalorganic chemical vapor deposition
observed in other 1lI-V heterostructures. on sapphire with 40 nm AlGalL6% Al) intermediate nucle-

High carrier concentratiorisn excess of 18 cm™2) and  ation layer. The conducting channel of devices is of the
large values of the electron mobility and operating voltagewidth W= 100uxm with the intercontact length scaled to
(dissipative power densities are in a few watts per millimetewvaried distance as 1, 5, 10, 15, 20, and 2%. The TLM
range make it necessary to distinguish hot-electron effectohmic contacts were processed by Ti/Al/Ti/Au metallization
and self-heating phenomena for better understanding transnnealed for 40 s at 800 °C. A room temperature mobility of
port properties aimed to use the group llI-nitride heterostruc1250 cnf/V s at a sheet carrier density of 1080 cm™2
tures in high power and high temperature microelectronidhas been measured in the 2DEG of the channel by means of
applications. the Van der Pauw method. THe-V characteristics have

Indeed, since the carrier mobility is dependent on bothbeen measured in steady-state and transient current condi-
electric field strengthE, and lattice temperaturd,,, two  tions with a time sweep as low as 1Ds (Fig. 1). Three
effects are present simultaneously: hot elecftommd different regions are resolved in the-V characteristics: a
self-heating’® The self-heating is a local increase in crystal low voltage (ohmic) region followed by sublinear and satu-
temperature due to dissipated Joule electric povRgys. ration (or negative differential resistanceegions of current.
Separation between these effects is important to clarify th&@he regime of operation with saturation current for AlGaN/
thermal budget of devices which optimization allows to GaN TLM structures has not been reported in literature.
reach the best device performance. A distinction can be madgypically the saturation regime arises in HEMT structures as
by studying the change in transport characteristics by varya gate effect. In gateless TLM structures the saturation is of a
ing dissipated poweP s at the same values of the electric different origin.
field E. In this letter, we realized the separation of hot- The main results obtained on the electron transport char-
electron and self-heating effects by the study of AlGaN/GaNacterization in the TLM AlGaN/GaN heterostructures are
presented in Fig. 2 as—E curves, withE=V/L being an

A0n leave from: ISP NAS of Ukraine. Kiev. Ukraine. average electric field in the conducting channel. The simple
YElectronic mail: s.vitusevich@fz-juelich.de geometry of the gateless devices provides this average field
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J " T " T " T " T latter is determined by dissipated powRgs and heat con-
duction properties in the device.

We suppose that corresponding thermal impedance is
primarily determined by the sapphire substfdsee the inset
in Fig. 1). If we neglect on the first stage of our analysis the
temperature dependence in the thermal conductivity of the
substrate,\(T), the problem is reduced to the Laplace
equatior”® The boundary conditions can be set as a con-
stant heat fluxq=Pgs/(WL) from hot zone(conducting
channel on the top of the substrate; adiabatic thermal con-
ditions all over the remainding surfacg=0), except the
bottom where an isothermal condition is provided with a
given temperaturd,. These allow us to find temperature
distribution in the substrate and evaluate the channel tem-

Voltage (V) perature,T, averaged over the channel ar&,=WL. The

FIG. 1. Current-voltage characteristics of TLM structures measured if€Mperature ris@T=T—T in the channel is related ;s
steady-statesolid lines and pulsed(solid squaresregimes for different  through the chord thermal impedanée AT/Pgs. The lin-

channel length& (um): 1-1, 2-5, 3-15, 4-20, 5-25. Inset: illustration of egr one can be written as
considered thermal model.
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0=1/\Se, Ser=d¥[1+a(L/d,Wid,1/d)], (1)

to coincide with the local electric field in the channel. The Where the functionr=2 (a1 +20>) is expressed in terms of
resistance of the ohmic region is proportionally scaled dowrinfinite series'

with TLM intercontact distance and shows a good coinci- ) )

dence inl =f(E) dependence. Both pulsed and dc measure- 01:;::1 [on(W/d) + @r(LId)] $hn=m(l/dv2), v
ments show dependence of the current on the channel length.

The longer the channel, the greater the observed difference °° ) )

between dc and pulsdd-E characteristics. With increasing Uzzn‘;ﬂ en(L/d) @r(WId) gnm(l/d), ()
L a portion on thd —E curve with saturation current mani-

fests itself already in the range of measured electric field lesWith ©n(X) = sin(nmx)/(nmx) and Ynm(X)

than 8 kv/cm. In general, the obtainéeE characteristics = tan(2mxyn?+m?)/(2mxyn?+m?). ForL=W=d, we get
are strongly nonlinear although the considered field range=0 andS,s=S=d” Then Eq.(1) reduces to the thermal
(<8 kv/cm) is still below the fields of well-developed hot- impedance under a one-dimensional heat conduction. For
electron regime expected from theoretical predictiths. (W,L)<d, we geto>0 and, respectivelyS.<S which

For a description of the observed behavior of theE Ie_ads tq an increase in the thermal impedgnce due to three-
characteristics we use a simple theoretical model basé¢ij on dimensional character of the heat conduction.
heat dissipation and heat-transfer modeling in the device ang "€ currentl as a function of electric field can be
(i) self-consistent solution of coupled nonlinear equationsdetermlnecj from coupled equations
for the channel currertand the channel temperatufeThe l=eu(To+AT,E)NWE (4)

AT=60(To,L,Pgis)Pyis, )
PdiS: IEL. (6)

100 ————

Heree is the electron chargey is the electron mobilityN is

the sheet electron concentration in the conducting channel,
Puis=IEL. Later numerical solutions to Eq$4)—(6) are
found taking advantage of the earlier linear and nonlinear
thermal impedanc®,as well as the recent results on the
Monte Carlo simulatioh of the 2D electron transport and
experimental study of the low field mobility on temperature
at elevated temperatures in nitride heterostructtfrédpe-
cifically, we take for the field dependence of the electron
mobility u(T,E) = uo(T)/[1+ (E/E)*?], with B, £, andE,
being fitting parameter5The low field electron mobilit}? is
taken to bewo(T) = w30 300M) 18 where usq is the elec-
tron mobility at room temperature.

FIG. 2. The result of calculatioh vs E for L=1 and 25um (dashed— Thus, we have obtained the currérnd the temperature
linear, solid—nonlinear self-heatingire compared with the experimental rise AT as a function of the electric fielE in the channels

results: dcdotted lines, Jus pulse—solid squares. Solid and open ity gifferent lengthd.. The results of calculatiorisvs E for
circles—calculated ohmic and hot-electrbRE curves. Current reduction

due to hot-electromi |, and self-heating effects for two channel lengths of L=1 and 25um are presented in Fig. 2 compared with the

1 um (Algny), and 25um (Algs is shown by vertical arrows. experimental curves. For these calculations we have used the
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sapphire with different lengths of the conducting channel at
low and moderate electric fields. The observed strong depen-
dence of the current on the channel length is explained in
terms of Joule self-heating effect, which can lead to satura-
tion current or negative differential resistance regimes. The
theoretical model used allowed us to discriminate between
the current reduction due to hot-electron effect and channel
temperature rise caused by the self-heating. The results of
pulsed measurements are interpreted in terms of partial self-
heating estimated as about 50% of the self-heating under the
dc measurements. The results obtained allow us to suggest
that to utilize unique properties of group IlI-nitride hetero-
structures, including high speed of the channel electrons, it is
necessary to further optimize the thermal budget of devices.
FIG. 3. Separated current reduction due to hot-electsofid circle3 and ~ Such optimization can be achieved in addition to conven-
self-heating effectssee Fig. 2 for L=1um (right scal¢ and 25um (left  tional method¥' by choosing a thinner sapphire substrate, a
scaleg for linear (dashed and nonlinearsolid) cases. . . .

shorter conducting channel, as well as short-time operating
regimes.
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substrate parametetds=1.5 mm, |=300um, and the ther-
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