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Hot-phonon temperature and lifetime in a biased AlGa;_,N/GaN channel estimated
from noise analysis
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The short-time-domain gated radiometric microwave noise technique is developed for the investigation of
hot phonons in a two-dimensional electron gas channel subjected to a strong electric field applied in the plane
of electron confinement. Nominally undoped pseudomorphig#&a, sJN/GaN channels are considered in the
field range where LO-phonon emission by hot electrons and hot LO-phonon disintegration are mainly respon-
sible for the energy dissipation.tAa 5 kV/cm electric field, the equivalent temperature of the emitted LO
phonons reaches 590 and 460 K at 80 and 293 K ambient temperatures, respectively. The electrons and emitted
LO phonons form a nonequilibrium electron—LO-phonon subsystem characterized by a temperature different
from that of the remaining phonons. The LO-phonon lifetime for their disintegration into the acoustic and other
phonons is 356 100 fs; the lifetime is almost independent of the hot-phonon and ambient temperatures. The
deduced value of the LO-phonon lifetime is used as an input parameter for Monte Carlo simulation of the
hot-phonon effect on the two-dimensional electron transport in the biased channel, and a reasonable agreement
with the experimental current-voltage characteristics is obtained.
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[. INTRODUCTION Hot phonons also manifested themselves during time-
resolved Raman light scatterintf and laser-excited—probfe
Nitride two-dimensional electron ga@DEG channels experiments carried out on bulk GaN samples. For bulk GaN
are the most promising for high-power microwave layers, the LO-phonon lifetime was estimated to decrease
applications: Under standard conditions of operation, thefrom 5 ps at 25 K down to values below 3 ps at 300°%K.
electrons are heated by an electric field and an efficient disthese values are essentially longer than the high-field values
sipation of the excess energy is of primary importance forof the hot-electron energy relaxation time determined for
channel performanceDifferent experimental technique€  AlGaN/GaN and AIN/GaN 2DEG channél§:®*!* Conse-
have been used to study hot-electron energy relaxation iguently, the LO-phonon lifetime estimated for GaN bulk
nitride 2DEG channels. At a high bias, the main electronsamples from the Raman light scattering dA&re not ap-
energy relaxation mechanism includes emission of longitudiplicable for 2DEG channels located in GaN. On the other
nal optical (LO) phonons, their disintegration into acoustic hand, to our knowledge, time-resolved Raman light scatter-
and other phonons, and energy transfer towards the heat siiitkg experiments on hot phonons have not been carried out on
located at some distance from the channel. The disintegrationitride 2DEG channels. This paper aims to demonstrate that
of the emitted LO phonons is known to be a bottleneck forthe hot-phonon lifetime in AIGaN/GaN 2DEG channels can
the energy relaxatiohAs a result, the LO-phonon distribu- be extracted from microwave noise experiments.
tion in the channel is strongly displaced from thermal
equilibrium?® The estimated equivalent temperature of the Il. SAMPLES
emitted LO phonons—the hot-phonon temperature—is
higher than the “lattice” temperature of the rest phondns.  Two-electrode samples for noise temperature measure-
Of course, the lattice temperature in the channel also exceeddents were prepared from a nominally undoped
that of the remote heat sink held at ambient temperdfure. Al 15G& gN/GaN heterostructure with a 2DEG channel.
Finally, since the 2DEG density is high, the electrons haveOhmic Ti/Al/Ti/Au electrodes were formed at 1100 K. The

their own hot-electron temperatute. results will be presented for samples where the channel
The Monte Carlo technique was applied to simulate hotdengthL =12 um and the electrode widtiv= 120 xm.
electron effects in AlGaN/GaR'? The calculated hot- The heterostructure consisted of acm-thick GaN buffer

electron energy relaxation time was found to saturate at higkayer on a 150am Al,O3 substrate; the buffer layer was
electric fields, and the saturation value depended on the LGsvergrown with a pseudomorphic 25-nm layer of
phonon lifetime with respect to the nonequilibrium LO- Alg1£Ga gdN and protected with a 33-nm layer of;8i, (for
phonon disintegration into other phonon mofi@he results more details see Refs. 15 and)1&he conductive channel

of the simulation with hot-phonons taken into account werewas located in the GaN layer close to the AlGaN/GaN inter-
in a reasonable agreement with the experimental Ham. face. A degenerate 2DEG was induced by spontaneous polar-
experimental high-field value of 550 fs was reported for theization and piezoelectric fields. The electron sheet density
AIN/GaN 2DEG channel. was estimated from Hall effect measurementsp=5
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FIG. 2. Dependence of noise temperature at 10 GHz on voltage
for the AlGaN/GaN channel at two ambient temperatures: 80 K
(squarep and 293 K(circles. Solid lines guide the eye. Voltage
pulse duration is 0.%us.

FIG. 1. Dependence of current on voltage for AlIGaN/GaN chan
nel at 293 K ambient temperature. \oltage pulse duration jiss4
(solid circles and 0.5us (open circles Open triangles stand for
the lattice temperature at the end of a p.§-voltage pulsen,p

:igolgmcm » #(293 K)=1200 enf/(V's), L=12 um, andw o tomperature. Thus, Bt>3.5 V, the hot-electron tem-

perature at 80 K becomes higher as compared with that at
room temperature. Moreover, at a high voltage, the hot elec-
X10%cm % The low-field mobility was u(80 K)  trons penetrate into the AlGaN barrier layer, and the hot-
=3000 cnf/(V's) and (293 K)=1200 cnt/(Vs). electron sharing between GaN and AlGaN layers causes ad-
Figure 1 illustrates the dependence of the curtestt the  ditional noise®**2?°In our case, this source manifests itself at

voltageU applied along the 2DEG channihe voltage drop  y>6 V at 80 K ambient temperature andt-8 V at 293
on the contact resistances has been subtracteeé measure- K (Fig. 2). In the following we shall limit ourselves to the

ments were carried out for different durations of the pulseq‘ange of moderate V0|tages where the hot-electron Sharing
voltage in order to show the effect of lattice heating on thecan be ignored.
current. Independently of the pulse duration, the effect was The noise at moderate Vo|tages is caused by two sources
small at voltagedJ <7 V, but the effect became evident at of hot-electron fluctuations: the main source is due to the
higher voltages in the case of ds voltage pulse¢Fig. 1,  hot-electron temperatufg, and the other source comes from
solid circleg. The supplied heat was reduced 8 times wherfjyctuations in the hot-electron temperatf,.** The hot-
0.5-ps voltage pulses were appli¢€lg. 1, open circles electron-temperature fluctuations cause current fluctuations if
The lattice temperature was estimated from the timethe electron mobility depends on the electron temperature—
dependent noise power measurements through backward et is, if the current-voltage characteristics is not linear. The
trapolation of the dependence on time after the voltage wagoise temperature can be expressed as a simple function of

switched of‘f.17'180pen triangles in Flg 1 illustrate the lattice the non"nearity and the electron tempera&}re:
temperature under bias at the end of a @$Hvoltage pulse.

T,=CT,, (H)
Ill. HOT-ELECTRON TEMPERATURE where the factoC is
The 2DEG channels were subjected to a pulsed voltage Te o) 2%
applied parallel to the interface, and the microwave noise C= 1+m =1 it 2
power was measured in the current direction. The gated e Uho |

modulation-type radiometric setup was used for the pulsed, . oy=dI/dU is the differential conductancer=1/U,

measurement¥. The hot-electron noise temperature was de-, g T, is the lattice temperature. The factGris unity if

Bhm’s law holds. For AIGaN/GaN channels at electric fields

mismatch and the contribution of noise sources outside thBeIow 4 kvicm at 80 K ambient temperature, one has 1
2DEG channe(due to the contact resistance and microwave<c<1_l_11 The current-voltage characteristicé are almost

circuit elementswere taken into account in a way described"near in the field range of interest, and we shall ass@ne
elsewheré. The noise measurements were performed in the_ '
frequency band near 10 GHz where contributions due to
generation-recombination noise andf Hluctuations were

negligible. The thermal walkout due to lattice heating was IV. SUPPLIED POWER

minimized using 0.5«s pulses of bias voltage. ~Under bias, the electric power—the product of voltage
Figure 2 presents the dependence of the hot-electron noiggd current—is supplied to the mobile electrons. Thus the
temperaturel, on the applied voltage, measured at two am-sypplied power per electron is

bient temperatures 80 and 293 K. Since the electron mobility
is higher at 80 K, the electron heating is more efficient at the Ps=1U/Ng, 3
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FIG. 3. The power supplied to the electron subsystem against FIG. 4. Dependence of the power dissipated by the electrons vs
the inverse noise temperature for AlIGaN/GaN channel at two amthe inverse hot-electron temperature at two lattice temperatures:
bient temperatures: 80 squaresand 293 K(circles. Solid lineis  dashed line is Eq6) valid at 80 K and solid line is E¢7) where
Eq. (4). N.=7.2x10". the equilibrium phonon-state occupancy at 293 K is assumed. Sym-

bols are for the supplied power at ambient temperatures: 80 K
where N, is the number of electrons in the 2DEG channel.(squaresand 293 K(circles.

The electron number can be estimated from the sheet elec-
tron densityn,p and the surface are of the channelN,  is near 160 K at the lattice temperature of 8QRef. 5 and
=n,pA. In our caseN,=7.2x10’. near 300 K at 293 KRef. 4.

Figure 3 presents the supplied power as a function of the At a low lattice temperaturelT| <% w/kg, the mean
inverse noise temperature. The results at a room temperatupgwer, dissipated by an electron through spontaneous emis-
(Fig. 3, circles approach those at 80 (squarepas the noise sion of LO phonons, can be estimated as follows:
temperatureT,, increases. The solid line in Fig. 3 is the em-

piric Arrhenius plot ho o
P=—exg — =, ©)
Ae Ae Tsp keTe
PS:T_pheX‘{ N kBTn>’ 4 where the exponential function accounts for the number of

electrons able to emit optical phonottsy is the LO-phonon
energy(the energy lost in an event of emissjpand 1fg, is
the number of emission events per secdisgontaneous
emission rate In GaN, the spontaneous LO-phonon emis-
sion time constant,~10 fs**

At room temperature, the equilibrium LO phonons are
V. DISSIPATED POWER present, and the dissipated power depends on the phonon-
state occupancy,,, which is neglected in E(6). The net
dissipated power includes spontaneous and stimulated LO-
phonon emission and LO-phonon absorption:

whereAeg is the activation energy ang, is the time con-
stant. At an ambient temperature of 80(Kig. 3, squares
the supplied power obeys the exponential dependénre
whereAe=0.092 eV andr,,= 350 fs.

Under a steady state, the supplied poweris balanced
with the dissipated poweP:

Ps=Pq. ©)

hw fiw
)_ ph (7)

hw

In the electron temperature approach, the dissipated Pd—(1+fph)T—Spexr{ " kgTe
power is a function of the electron temperature. After Egs.
(5) and(1) whereC=1 is assumed, the data of Fig. 3 can be Expressiong6) and (7) assume Boltzmann statistics for
interpreted as the dependence of the dissipated power on thet electrons. The effects of hot-electron degeneracy have
inverse hot-electron temperature. It is evident that the powebeen considereda minor correction is applicable under the
dissipation is the activated process controlled by the hoteonditions of interest. Supposing that the corrections were
electron temperaturé,. At T.<Ae/kg (Fig. 3, an average essential the empiric relatio@) would not hold.
electron lacks energy for the emission of energy quanta equal Figure 4 compares the calculated dissipated power with
to Ae. The activation energy of the dissipatiofg, coin-  the experimental data on the supplied power. Equation
cides with the LO-phonon energyw [Aw=0.092 eV in with C=1 is used to present the experimental res(disn-
GaN (Ref. 21]. Thus, the results of Fig. 3 confirm that the bols) against the inverse electron temperature. The dissipated
power is dissipated through LO-phonon emission by hotpower is estimated according to Eq6) and (7) wheref w
electrons. =0.092 eV and7,,=10fs. At 80 K, the equilibrium

This energy loss mechanism is known to dominate at elecphonon-state occupancy is negligible, and the dissipated
tron temperatures exceeding certain value: for GaN, the critipower is given by Eq(6) (dashed ling Solid curve is Eq.
cal temperature is 70 K at the lattice temperature of 1.5 K7) where the equilibrium 293 K phonon-state occupancy
(Ref. 21). For AIGaN/GaN channels, the critical temperature(f,p¢q is inserted.

Tsp
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FIG. 5. Dependence on the inverse hot-electron temperature of FIG. 6. Hot-phonon temperatuteymbol$ as a function of the
occupancy of the selected LO-phonon states. The occupancy isiBverse electron temperature at two ambient temperatures: 80 K
solution of the balance equati®®). The solid line is Eq(9) where  (squaresand 293 K(circles. The dotted line is the electron tem-
Te=Tyn is assumed. perature. The solid line is the lattice temperature at room tempera-

ture.

Despite some similarity of the curves and the correspond-
ing experimental points in Fig. 4, the disagreement is evi- Figure 6 presents the hot-phonon temperature as a func-
dent. This misfit would be even larger if Eq§) and(7) took  tion of the inverse hot-electron temperature. Symbols stand
into account more energy loss mechanisms. On the othdor the data obtained according to E§) from the experi-
hand, the approach is based on Boltzmann rather than Fermmental results of Fig. 5. For a comparison, dotted line in Fig.
Dirac statistics for the electrons. The interface phonons ané presents the hot-electron temperature. The lattice tempera-
the half-space phonons should be treated instead of buliire measured at an ambient temperature of 293 K is also
phonons. However, these modifications would not eliminateshown(Fig. 6, solid line.
the essential misfit, and we state that the equilibrium occu- Note that the hot-phonon temperatuiféig. 6, symbol$
pancy of the LO-phonon states is not a solution of the energgxceeds the lattice temperatufgolid line). On the other
balance equatiofb). hand, the hot-phonon temperature is insignificantly lower
than that of the hot electroridotted ling. This suggests one
VI. HOT PHONONS to assumeT =T, (see also Ref. 23 This approximate
_ _ _ equality and Eq(9) are used to plot the dependence gfon
Expressiong3) and(7) inserted into Eq(5) lead to the inverse temperatu&ig. 5, solid ling. The comparison
with the experimental datidig. 5, symbolsshows a good fit
fiw fiw of the results. By the way, the experimental poiffg. 5)
 kgTe PP ®)  are close to the straight line corresponding to Boltzmann

hw
IU/Ng=(1+f,)—ex
Tsp L
statistics.

Ph e
Let us solve Eq(8) with respect tdf ,,. The required experi-

mental data are taken from Fig. 4; the valuéso

=0.092 eV andrg,= 10 fs are used. In this way, an estimate VIil. LO-PHONON LIFETIME
is obtained for the average nonequilibrium occupancy of the
selected LO-phonon states involved in the electron energy,
dissipation through LO-phonon emissidRig. 5, symbols

An almost exponential dependence of the occupdpgyn
the inverse electron temperature is obtained; the activatio
energy isAe=0.092 eV[compare with Eq.(4)]. The ob-
tained occupancy exceeds the equilibrium ong;,
>(fon)eq- The term “hot phonons” is often used to empha-
size the excess occupancy of the selected phonon $fates.

Figure 7 compares the dissipated power with the power
changed between the hot-electron and the hot-phonon sub-
systems. The solid line in Fig. 7 shows the power received
by the hot-phonon subsystem due to the spontaneous and
Btimulated emission of LO phonons—the first term of &.
where the nonequilibrium occupandyy, is determined by
the hot-phonon temperatufle,,. The power returned by the
hot-phonon subsystem back to the hot-electron subsystem
(the LO-phonon reabsorptipris calculated as the second
term of Eq. (7) (pentagons The returned power is just
VIl. HOT-PHONON TEMPERATURE slightly lower than the received one. The exchanged power
does not change the energy of the electron—LO-phonon sub-
system.
Under the steady state, the poweg, supplied to the
hot-electron subsystem, equals the poweg)(, dissipated
1 by the hot-phonon subsystem into the lattiEey. 7, circles.
(9) The latter power is essentially lower as compared to the
power exchanged inside the electron—LO-phonon subsystem.

Let us interpret the nonequilibrium occupancy in terms of
the equivalent hot-phonon temperaturg, introduced ac-
cording to the Bose-Einstein distribution

) s
exp—| —
KgTpn

fph:
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FIG. 7. Dependence, on the inverse hot-phonon temperature, of FIG. 9. Dependence of electron drift velocity on electric field.
the power: received by the LO phonons from the hot electrong=xperimental results are taken at the ambient temperature of 293 K
(solid line), returned by the LO phonons back to the hot electrons(open circles (Ref. 24. Monte Carlo data correspond to the lattice
(pentagong and dissipated by the LO phonons into the lattice temperature of 300 Ksolid symbols for different hot-phonon life-
(circles. times: 350 fs(solid circleg, 1 ps(squares and 3 ps(starg. The

solid line guides the eye.
Consequently, at least two phonon lifetimes are needed to
account for, respectively, the LO-phonon reabsorption angberature as wellFig. 8). The hot-phonon lifetime values are
the LO-phonon disintegration into other phonons. Our ex-close to the time constant entering the empiric relat®n
periment deals with the energy dissipation; that is, our goal is
the LO-phonon disintegration lifetime.

Let us introduce the lifetime,;, as follows: IX. MONTE CARLO SIMULATION
The effect of the hot-phonon lifetime on the 2DEG trans-
(&fph _ Fon— (Fpneq (10) port is treated through semiclassical Monte Carlo simulation
It | gisintegration Toh of electron motion in a biased channel. The model takes into

account electron-phonon scattering, 2DEG degeneracy, and
The loss of thefiw energy at the rat¢fy,—(fpeql/7pn  the nonequilibrium phonon distribution. The polar scattering
causes the power dissipated by the LO-phonon subsystem 3 electrons by LO phonons takes into account screening of

the lattice: the phonon potential. The inelastic electron—acoustic-phonon
interaction is treated in piezoelectric and deformation poten-
(Py) :h“’[fph_(fph)eq] (11) tial approaches. The LO-phonon lifetime is introduced to
d’ph Toh ' reach the steady-state distribution of hot phonons. The model
_ and the technique are described elsewfiere.
As mentionedP<=(Pg)pn, and Egs(3) and(1)) lead to the Figure 9 presents the results of the simulation obtained for

results for,, presented in Fig. §symbolg. These experi- three fixed values of the LO-phonon lifetingolid symbols.
mental data show that the LO-phonon lifetimg, is almost  The calculated electron drift velocity is higher if the hot-
independent of the hot-phonon temperatiligg in the tem-  phonon lifetime is shorter. In this case, the hot-phonon num-
perature range below 500 K. The average valug,js=350  per is lower and the hot-phonon effect on the electron scat-
=100 fs. There is no evident dependence on the lattice temering is weaker. Open circles stand for the drift velocity
estimated according twy=1/(en,pw) where the curreritis

700 — ' AL Ga NGaN measured for 3-ns voltage pulses—that is, under conditions
600 | s B0gs ™ AN ] of fixed lattice temperature of the chanA&The experimen-
510 “cm
e tal drift velocity is close to the calculated one fot,
:‘é S00r %33@'1() 80K j =350 fs.
£ 400 %@f &0 o g ) _
g s0f g o oo o X. DISCUSSION
L
£ 200r 1 The main result is the LO-phonon lifetime. The same
T oo} - value of 7,;~350 fs follows from a simple analysis of the
. . . . electron—LO-phonon interactiofFig. 8 and directly from
0 3 4 5 6 the empiric relatiori4) applied to the experimental data at 80
1000/T K (Fig. 3, squareswithout considering the interaction in

detail. Evidently, three conclusions followi) the analysis is
FIG. 8. Hot-phonon lifetime vs inverse hot-phonon temperaturesound despite its simplicity and its weak poin() the in-
at two ambient temperatures: 293(kircles and 80 K(squares terpretation of the experimental data at 80 K is possible with-
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out the analysis, andiii) the analysis is indispensable at be reabsorbed by the confined electrons. The lattice mis-
room temperature. match and resultant strain in the considered pseudomorphic
The interpretation of the experimental results has assumedllGaN/GaN structure can modify the anharmonic properties
that the hot-electron temperature can be introduced. Thef the lattice vibrations responsible for the LO-phonon dis-
main argument for this approach is the strong inequality integration into other phonon modes. Also, limitations due to
> 7.cWherer, is the electron energy relaxation time and = momentum conservation are less severe for confined
is the interelectron relaxation time. In our case, this strongphonons. The wave vectors of the LO phonons, emitted by
inequality holds since-,> 7,;~350 fs while the experimen- laser-photogenerated electrons and holes during time-
tal result$® suggestr,s~44 fs. resolved Raman experiments, might differ from the wave
The LO phonons are assumed to be dispersionless. Neectors of the LO phonons emitted by the electrons acceler-
mechanism for the LO-phonon disintegration into the resiated in the electric field. Thus, time-resolved Raman experi-
phonons is considered. Only two parameters—the LOments with a 100-300 fs time resolution would be quite
phonon energy and the spontaneous emission time—are usbédlpful if performed on biased 2DEG channels. However, to
within the simple analysis in order to account for theour knowledge, no other experimental data on the hot-
electron—LO-phonon interaction. The electrons are treated iphonon lifetime is available for an AlIGaN/GaN channel con-
terms of Boltzmann rather than Fermi-Dirac statistics. Sup4aining a 2DEG.
port for the simple analysis is obtained through a Monte
Carlo simulation that takes into account electron gas degen- Xl. SUMMARY
eracy, hot phonons, and considers the electron—LO-phonon
scattering in all necessary details.
Despite its simplicity, the proposed analysis seems to b

A microwave noise technique is developed for the inves-
igation of hot-electron and hot-phonon energy dissipation in
. ; . - . e AlGaN/GaN 2DEG channel subjected to an electric field.
quite useful. It gives clear physical insight into the hot- The hot-phonon temperature is found to be almost equal to

electron—hot-phonon problem. It can be used for comparing _,.
the experimental results obtained for different 2DEG chan?Sllghtly lower than the hot-electron temperature. The non

nels in different laboratories equilibrium occupancy of the hot-phonon states involved in
It is worth noting once. more that no model of the electron—LO-phonon scattering can be approximated by an
A . o : exponential function of the inverse hot-electron temperature.
E\lg,z?g?]nekgg@zosngg '(;g;rzc\:/tlzg&stasefg?pL%r?g;a;#ei?;eacrhe activation energy is 0.092 eV, this value is close to the
7on=350 fs from the experimental data at a low lattice tem_LO-phonon energy in GaN. The phonon nonequilibrium oc-

perature(Fig. 3). The obtained activation energye is close cupancy is controlied by the LO-phonon lifetime, which is

. e found to be 350 f$ 100 fs; the lifetime is almost indepen-
to the LO-phonon energyw, Wh”e. the_ LO-phonon lifetime dent of the hot-phonon temperature and the lattice tempera-
is close to the results presented in Fig. 8.

The time-resolved Raman light scattering ddfahave ture._The obtained .value for the LO-phonon _Iife.time exceeds
been interpreted in terms of the LO-phonon lifetime ForconS|derany the time for spontaneous emission of an LO
GaN, the LO-phonon lifetime is found to depend on thé Iat-phonon by a high-energy electromy350 fs> rgy=10fs.
tice t’emperaturé3 The obtained LO-phonon lifetime is an Because of the long lifetime, the LO-phonon disintegration is

L . ; a bottleneck for electron energy dissipation.
order of magnitude longer as compared with our d&ig.
8). Moreover, our results show a weak if any dependence on
the lattice temperature. Possible reasons for the disagreement
could be as follows. The authors have benefited from discussions with Profes-

The lifetime might be longer in GaN as compared with sor Brian Ridley. The Cornell group acknowledges support
that in the 2DEG channel because of configuration considefrom ONR Contract No. N00014-01-1-0300; the Vilnius
ations. Indeed, some hot phonons can escape from the 2DEgoup acknowledges support from ONR Award Nos.
channel, thus reducing the number of LO phonons that caM00014-01-1-0828 and N0O0014-03-1-0558.
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