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Low-field electron runaway and spontaneous formation of two-beam velocity distribution
in polar semiconductors
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We show that high-energy electron injection into a polar semiconductor can lead to a spontaneous splitting
of the electron beam into two distinct groups with different velocity distributions. While one group of electrons
experienceshermalizationin a given subthreshold field, the velocity and energy of the second group increases
with distance due to the previously unknown low-field electron runaway effect. We investigate the dependence
of the carrier distribution on the injection energy, and show that the overall distribution exhibits a partial
population inversion with a distance-dependent energy gap between the thermalized and runaway electrons.
The low-field runaway is a universal effect which is characteristic of nanoscale semiconductors where polar
optical phonon scattering predominates and there is a large intervalley energy separation as in the group-lll
nitride heterostructures.
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When a strong electric field is applied to a semiconductorpoted aw,, corresponds to the stable steady state, while the
the steady state of the electrons is determined by specifiother, denoted as,, is the unstable solution. This result en-
scattering mechanisms. In a polar semiconductor where scatbled Thornber and Feynman suggest that a carrier injected
tering is dominated by optical phonons, it is well known thatinto a sample with a velocity; >uv, can be accelerated infi-
this steady state ceases to exist for a range of electric fieldstely (i.e., run away even in a subthreshold field. Although
above some critical valu? Such an effect is related to the this low-field runaway effect has a fundamental character, it
Coulomb nature of the electron—polar-optical-phonon scattetas never been observed nor investigated in detail.
ing. The rate of this scattering is inversely proportional to the To observe the low-field runaway, the energy of the in-
square of the momentum change during a scattering eveigcted carrier must not exceed the intervalley separation in
and, thus, decreases for the electrons with high momenta artde conduction band. On the other hand, the relaticav,,
energies. Above the critical field, the electron momentumhas to be satisfied. These two requirements cannot be
and energy gained from the field cannot be relaxed to thachieved simultaneously in most of the conventional polar
lattice when a sufficiently large number of carriers streamsemiconductors. However, the progress in growth, fabrica-
into the high-energy states with a relatively low scatteringtion, and characterization of group-IIl nitride semiconductors
rate. The carriers then accelerate toward higher energies, givevealed that these wide-gap polar materials can satisfy all
ing rise to the so-called runaway effd®AE). In abulk-like  the requirements of the low-field runaway. Electron—polar-
sample the electron runaway is eventually stabilized by suchoptical-phonon coupling in group-IIl nitrides is much stron-
factors as nonparabolicity, transfer to upper valleys, addiger than that in 1lI-V compoundsThe Frohlich coupling
tional scattering mechanisms triggered at high energiegonstants are estimated to be 0.22, 0.41, and 0.74 for InN,
breakdown due to the impact ionization of impurities or GaN, and AIN, respectivelycompare to 0.075 for GaAs
across the bandgap, etc. These stabilizing factors have be@hus, high-field electron transport is mainly determined by
studied in detail for a number of polar materi&t8In a short  the interaction with polar optical phonons. The intervalley
sample, however, the runaway can play an important role. separation and breakdown fields in these materials are in the

In most publications, the RAE was studied with the use ofrange of 1-2 eV and MV/cm, respectively. In addition, the
the Boltzmann transport equatigBTE) under an electron recent application of the Thornber and Feynman formalism
temperature approximation. An exception was made in théas suggested the possibility of low-field runaway in group-
seminal paper by Thornber and FeynniaApplying the Il nitride materials?
path-integral technique, Thornber and Feynman derived the In this paper, we calculate the steady-state carrier distri-
dependence of electron energy loss per unit length on thkution function in a nanoscale sample operating in the low-
electron drift velocity. The dependence, schematically prefield runaway regime. The results demonstrate that a well-
sented in Fig. 1, has a maximum indicating that no steadyleveloped low-field runaway can be achieved in the wide-
state exists above the critical fiedg,. For each field:" < gy, gap semiconductors such as group-lll nitrides causing
two steady-state velocities can be found. One velocity, despontaneous formation of a two-beam distribution: namely,
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FIG. 2. Distributions of electrons injected with velocities indi-

FIG. 1. Energy loss per unit length vs drift velocity. In the
9y P g Y pcated in Fig. 1 by@,d vj»; (b) vjg; and(c) v c.

dimensionless units, the magnitude of this energy loss rate coi
cides with the magnitude of fielel For example, in the steady state
an electron experiences energy lossVéteFZ while traveling a
distanceZ in an electric fieldF. When this dimensionless energy > 2 :
lossW/E,o is divided by the dimensionless distangéo, the re- ~ €1=Vi ~1,... &=vi —S, wheres enumerates the stairs of the
sulting expressiori.e., loss per unit lenghmatches exactly the energy ladder. Then, the distribution fungtlonz take52 the
definition of the dimensionless field. Solid arrows indicate ex- form: f(v,v7,0)=Zs0 fs(v | ,v;,0) =20 Hv% +v; =L~
pected changes in the average velocity near the péigis’) and ~ +S)®s(v | ,v,,¢). The factorsdbg can be obtained recursively
(vy,8"). from the BTE? A detailed description of the recursion pro-
cedure was published elsewhéfdn general, we utilize an
the splitting of the injected electron beam into two distinctapproach similar to that previously used for the analysis of
groups of carriers, each with different dynamics. In the firsthigh-field RAE
group, the carrier velocity reduces to the thermalized value It is convenient to discuss the results by classifying them
vs that corresponds to the stable steady-state velocity in @ terms of the diagram of Fig. 1. In the model under con-
given subthreshold field. In the second group, the averagsideration, the threshold field,, for the RAE is approxi-
velocity and kinetic energy increase with the distance. Thenately 0.5 andvy, is the velocity corresponding tey,. We
spontaneous formation of the two-beam electron motion in found solutions of the BTE for the subthreshold fieid
short sample is a previously unknown effect which is in-=0.44 with three different initial velocitieso; ,=0.9 v;g
duced by the instability of the momentum and energy loss=1.9, andv; c=2.9. The calculated distribution functions are
gain balance of hot electrons in subthreshold fields. presented in Figs. (2-2(c), respectively. For the carriers
To obtain the electron distribution, we solve the BTE ana-injected withv; A(<uvy,), the functionsb(v,, {) nearly repeat
lytically using the following assumptions: Electrons are in-themselves at each sublewet 1 and show hot electron ac-
jected into the sample over an emitter barrier with the districumulation near the band bottom. In this c§Ba. 2a)], a
bution functionf™)(v , ,v)=f(v, ,v,,2=0)=8(v])8v,~v)),  strongly dissipativethermalized transport regime occurs as
wherez is the real-space coordinate andandv, are the expected for a subthreshold electric field. The self-repeating
parallel and perpendicular projections of the electron veloc<d, at differents stairs is in sharp contrast to the case shown
ity with respect to the applied field; the electric field is per-in Fig. 2d), wheree> ¢, and the RAE is well developed.
pendicular to the barrier heterointerface; the concentration oAlthough the latter distribution is obtained for the same
the injected electrons is small enough to neglect the(=v;,), it is characterized by an increase of average elec-
electron—electron interaction; and emission of the longituditron kinetic energy with distance, focusing of the carrier ve-
nal optical(LO) phonons is the only scattering mechanism.|ocity along the direction of the applied field, and dominant
Since the BTE is linear, the insignificant normalization factorpopulation of the highest-energy stairs.
in the distribution functionf is omitted. To carry out the The distribution depicted in Fig.(B) exhibits the pres-
analysis, we use the following dimensionless variables: thence of both thermalized and runaway carriers. As shown in
electron energy in units of LO phonon energ¥, o=%w;  Fig. 1 by the solid arrows, carriers with a velocity close o
electron velocityy in units of Vo=12E, o/m, wheremis the  can either accelerate or decelerate until they reach the veloc
effective mass; electric fielé in units of E g/elp, where ity v, As a result, a two-beam velocity distribution forms at
lo=f2Kok../ €M(Ko— k=) With the low-frequency and high- the same subthreshold field asincreases. For the case
frequency permittivities of the crystat, and «.; and the  =uv;, g, the contribution of high-energy carriers quickly decays
distancef from the injection point in units ofz/lo. In such  with distance, so that thermalized carriers predominate
a representation, the results are dependent only on two dihroughout most of the sample. Only a small number of car-
mensionless parameters: the initial electron veloojtand  riers run away, indicating the proximity af g to vy,. Nev-
the fielde. ertheless, due to the presence of the runaway carriers, the

Emission of dispersionless LO phonons leads to the elec-
trons descending down the ladder of the ene&gye():viz,
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FIG. 3. (a,0 Averaged electron velocities vs distance dhd) carrier energy distributions at different distances. Electrons are injected
with velocities(a,b) v; g and(c,d) vj c. In (d), AEcg is an estimate of the lowest possible value of intervalley separation in GaRand
=15 correspond to 0.055 and 0.148&, respectively.

average drift velocityy [shown for this case in Fig.(8)]is  tered from this stair, electrons tend to populate the sair
not as small as that obtained for the electrons injected witl2 rather than to thermalize. The shape of the distributions at
via- In this casepq is not only higher everywhere in the stairs 2 and 3 is similar to that for runaway carriers in Fig.
sample, but it also has a tendency to increase with distance(d). The redistribution of the carriers between the high-
The oscillations invy are obviously caused by nearly peri- energy stairs occurs more slowly than the growth of their
odic emission of the phonons typical for thermalized elecenergies leading to the runaway of high-energy carriers. Note
trons. The presence of high-speed carriers also manifests ifhat the low-energy part of the distribution is always present
self as a weak broadening in the high-energy part of thgegardless of the injection energy. It becomes suppressed
carrier energy distribution given in Fig(l3. only whene > gy,

When v; increases tw; ¢, the contribution of runaway  The group-Ill nitrides and their alloys are suitable mate-
carriers increases significantly. As shown in Figc)2the  rials for the observation of the subthreshold runaway effect.
high-energy part of the distribution function decays muchror GaN, we obtainm=0.18m, (m, is the free-electron
more slowly with { and becomes comparable to its low- mas3, x,=8.9,«..=5.35, E =91 meV1213 |, =35 A, and
energy counterpart only at=10. The drift velocity, when
averaged over both electron groups, has a well-pronounced
main minimum at{~ 8 [Fig. 3(c)]. The value of this mini-
mum is higher than the drift velocities obtained for the case =1
shown in Fig. 8a) after the first few oscillations. Moreover,
for {>8, a clear increase iy is observed. Since the relative
contribution of the thermalized carriers is smaller for this
case, we also observe a weaker velocity oscillatiofi=a8B. s
The increased role of the runaway carriers transforms the ®s
high-energy tail into a strongly pronounced additional peak -
as shown in Fig. @l). The shape and position of this peak is il A
distance dependent. As the distance increases, the peak shift: =
to higher energies and becomes broader. 157

The development of the high-energy peak continues, as
increases. The distribution function with the highest injection
energy under consideratiqn; p=3.6) is shown in Fig. 4. In S
this distribution, the details of the low-field runaway can be g v
readily seen. Even af>15, the energy stais=1 remains
highly populated with the velocity of most of the carriers  FIG. 4. Distribution of electrons injected with velocity, (see
focused along the direction of accelerating field. When scatFig. 1). The applied fielck is 0.44 as in Figs. @)—2(C).
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the threshold field:;,=130 kV/cm?! Then, the subthreshold order of the electron mean-free path. In the latter case, a
field £e=0.44 corresponds to 115 kV/cffigs. 2a-2(c), 3, finite number of electrons indeed can move ballistically
and 4 and the fielde=3.0 to 770 kV/cm[Fig. 2d)]. The through the device, which also results in a second peak in the
velocity Vg in this material is 410" cm/s;{=7 and{=15  distribution (see, for example, Ref. 14The energy of this

in Figs. 3b) and 3d) correspond to 0.055 and 0.118n,  peak obviously corresponds &U with the applied voltage
respectively[The dimensionless diagram of Fig. 1 used they, The effect studied in our paper is found for essentially
estimates made for GaN in Ref.]8hus, the required pa- gjssjpative electron transport with strongly inelastic optical
rameters can be achieved in nanoscale GaN-based hetelgsonon scattering and for distances considerably larger
structures where the high-energy electrons are injected froffhan the mean-free patfie., the low-field runaway is not
the wide-gap AlGaN barrier with an appropriately selectedba”istic)_

A_I composition._Our results are obtained_ for el_ectrons ina |p summary, our results show that the subthreshold run-
single valley with a parabolic energy dispersion. For theg\ay can be observed in polar materials with high values of
well-developed two-beam distribution presented in Fi®) 2 jntervalley separation. The effect manifests itself in the spon-
and 4, a group of fast electrons occupies the states with quitgnegus formation of a two-beam electron distribution and
high energies. Two factors—nonparabolicity and uppefyiher nontrivial features in the electron dynamics. Low-field
valleys—can affect the results. We made corrections for NOMrynaway is a complex phenomenon characterized by the
parabolicity in GaN by incorporating the standard depensmgoth” development of the runaway distribution as the in-
dencev?=z(1+ae), wherea is the nonparabolicity factdf,  jection energy increasé®.Due to the transient nature, this
and found that, despite the visible effect, the nonparabol|cr%henomenon can occur only in nanoscale structures satisfy-
does not prevent formation of the two-beam distribution agng a number of stringent conditions. Experimental observa-
shown in Fig. 8d). The other qualitative features of the low- tion of the low-field runawalf can be achieved in group-Ii|
field runaway are also preserved. The energies of the injeGyitride-based three-terminal heterostructures similar to the
tion barriers used for our calt_:ula’_uons as well as the energiegiectron-energy spectrometérThis can open opportunities

of runaway electrons shown in Figga®-2(c) do not exceed iy novel nanoscale devices for high-frequency generation,
the energy splitting between the central and satellite valleygnaple excitation of intracenter luminescence, and other ap-

in GaN. . o _ plications.
Formation of the bimodal distribution by the low-field

runaway is qualitatively different from the results obtained in  This work was supported by the U.S. ARO, the ONR
ultrashort devices where the intercontact distance is of théhrough the MURI program, and CRDF.
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