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Experimental determination of I'-X intervalley transfer mechanisms
in GaAs/AlAs heterostructures
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Zone-center—zone-boundalj-X) intervalley transfer mechanisms in AlAs/GaAs heterostructures are de-
duced in an unambiguous way from transport and electroluminescence studies of single-AlAs-barrier diodes.
We demonstrate that the tunneling is strongly sequential and depends on the natup¢ sfatecinvolved. For
X, the transfer is mainly elastic, whereas momentum conserving phonon assistance is dominggt for
Quantitative values for the scattering rates for each transfer mechanism are obtained. The conduction-band
offset from thel’ minimum in GaAs to theX minimum in AlAs is shown to be only 1206 meV.
[S0163-18296)52436-1

The exact mechanisms governifigk intervalley transfer ~ verse K,,)]'">*"**to be precisely evaluated in indirect-gap
in AlAs/GaAs heterostructures are still subject to contro-single-barrier GaAs/AlAs/GaAs tunneling structures. In ad-
versy. In bulk materials the main intervalley scattering pro-dition, it enables us to determine generaliZeX transfer
cess is zone-edge phonon scattering. By contrast, in a hetergtes which are in good agreement with earlier time-resolved
structure the potential modulation along the growth axisstudies®® _ _ o _
induces mixing of the and X electronic states and direct ~ We study a series of single-barrier diodes, designed to
transitions can take place. The importance of such mixind!ave Simple two-dimension&2D) emitter stategFig. 1a)].
has been demonstrated from studies of optical transition life- he structures are then very similar to type-Il SL's, with
times in type-Il superlatticé€ (SL's) and from observations Ccontinuously variabld-X separation. With increasing bias,
of I'-X anticrossing. Real-space electron transfer in such the opening of a new transport channel, when the emitter

SL's, where electrons are created in the GaAs layers angerml energy is resonant with an excitécstate, produces a

transfer toX in the AlAs, has been studied by time-resolved udden increase of the differential conductariog. The

: ) .~ number, position, and amplitude of these thresholdsrin
photoluminescencéPL). Feldmanet al.” proposed that it is versus bias allows thE— X transport mechanisms and their

either due to LO-phonon scattering or to state mixing, dexyengths to be identified. Complementary electrolumines-
pending upon the width of the layers. However, Deveautyence(E| ) measurements are employed to determine the dis-
et al” found transfer rates incompatible with state mixing yipytion of theX point electrons in the AlAs layer. Recom-
but in good agreement with phonon-assisted trandfeX  pination of hot electrons which are ejected out of the
transfer also plays a significant role in perpendicular transparriet® is also observed and permits the nature of the
port through single or double AlAs tunnel barriérstunnel- X _T transfer to be determined.

ing through excitedX states being demonstratéd The re- The samples studied ane-i-n GaAs/AlAs/GaAs het-
sults were explained by a state mixing thebhhut only  erodiodes, grown by molecular-beam epitaxy, with three dif-
imperfectly. ferent AlAs layer widths of 60, 80, and 100 A. They were

These strong uncertainties are due to the intrinsically pooprocessed into 20@m-diameter mesas and consist of the
spectroscopic resolution of the experimental techniquedpllowing layers: 0.5um n=2X 10® cm3 GaAs buffer,
which access the integrated transfer and cannot resolve inds00-A n=1x10"" cm 3 GaAs, 500-An=3x10' cm™3
vidual mechanisms. In this paper we propose an originaGaAs emitter, 50-A undoped GaAs spacer, undoped AlAs
continuous wave technique achieving very high spectrobarrier, 50-A undoped GaAs spacer, @B+ p
scopic resolution while still providing results of high time =1.10 cm™® GaAs collector, and 0.%m p
resolution. It permits the nature of the different transfer chan=1.10® cm™2 GaAs top contact. The current versus voltage
nels[elastic or inelastic, involving longitudinak() or trans-  (I-V) ando-V curves &2 K are presented in Figs. 2 and 3
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V. In addition, the linear variation observed betwegrand
X AE Xy (b) V confirms the 2D nature of the emitter states.
‘ e The anisotropic conduction-band structure of the AlAs
layers was included in the modelifg>'%'2The opposing
E effects of quantum confinement and residual uniaxial strain
Poz P (o By in the AlAs layef? lead to the ground electron state being
Xyy-like for layers thicker than 70 A, and,-like for thinner
layers. TheX, and X,, electronic levels and envelope func-

r 3 Key tions were calculatéd as a function of applied bias. In elec-
tric field the overlap of theX wave functions with collector
states will be much greater than with emitter states. Thus,
transfer out of the barrier is expected to be much more effi-
cient than transfer from the emitter into the barrierto X
transfer into the AlAs is then the current limiting process,
and will govern the shape of tHeV characteristic.

We now consider the transfer mechanisms which can oc-
cur. Unlike bulk materials, elastic transitions are possible
sincel’ and X, states are mixed by the interface potential,
and to a lesser exteiit and X,, are mixed by in-plane po-
tential fluctuations. From PL results on type-Il SE'S three
X point phonons are expected to be involved in Th&
transfer: AlAs transverse acoustif Q1,=12 me\), GaAs

FIG. 1. (8 Schematic band diagram of the structure under for-longltuFjlnal optlc_ﬁQLo'Ga=29 meV), an(_d AlAs IongltUdl_
ward bias.(b) Schematic dispersion of the 2D emitter and barriernal optic (: Qo =48 meV). Phonon assistance will lead to

states, showing the elastic and phonon-assisted transfers. transfer without conservation of in-plane wave vectey,
as will elastic transfer toX,,, since its conduction-band

minimum is at largek,, . For I'-X, elastic transfer, the het-

for the three samples. A number of steplike features are o

;. _ erostructure potential only mixes states with the s
served, each one arising from the opening of a féwW P y

) ; ._However, interface roughness is likely to induce mixing be-
transfer channel. Modeling of the conduction-band profile : ;
d of the electronic states i ired 1o identify th ; tween states of differerk,, [Fig. 1(b)].
and of the electronic states is required to identify these fea- Therefore we assume thit, is not conserved in the

tures. :

The first step in t_he modeling is a self-consistent solutionérs:;;?\r/’aﬁgg;garl(ﬁ)ira?ﬁ;eglﬁrgﬁy ﬁg\lﬁﬂ gom)rlogéhe?:vrgly
of Poisson and Schdinger equations, within the envelope X. is then given .b '
function approximation, as a function of charge density” " g y
(ng) in the 2D electron and hole accumulation lay&eg\L, _ |2
HAL). There was assumed to be no charge accumulation in Ji=eN(T[X5)]*Po, @D
the AlAs layer. We performed current versus magnetic fieldyhere N is the sheet density of emitter electrons with en-
(BIll) measurement§ot presented heydor various biases. ergy greater thaix; andP, is an intrinsic transfer rate which
The 1B periodicity of the Shubnikov—de Haas—like oscilla- only depends on the nature of the transfer process. The
tions inl-B provides a precise determinationf for each  squared overlap of the envelope functions accounts for the
spatial separation of tHé andX 2D state<' The total current
is the sum ofJ; for all X; levels!® SinceN; varies linearly
with bias and the overlap is slowly varying, we can approxi-
mateo; by o= |(T'|X;}|?Po. When a new transfer channel is
opened,o is thus increased by an approximately constant
value, proportional to the strength of the transfer process
corrected for the overlap. In the following, the exact deriva-
tive of (1) was used. Phonon-assisted transitions are included
simply by changing the threshold energy; to (X;
+%Qp,). For each value oV, Ng and the overlaps were
then calculated. The calculation 8f and o; then depends
only on theP, parameters. There are two elastic transfer

rates Py, and P, and three phonon-assisted rates to

0.01 = ‘ . . Xy Poxy(TA),  Poxy(LOga), and Pqy(LOp). The

100

Current (mA)

0.1

1.7 1.75 1.8 1.85 1.9 Po.(ph) rates are given by th¥,, values corrected for the
Applied Bias (V) different final density of statesP,(ph)~0.25 P, (ph)].

We first present the results fofF-X, elastic transfer
FIG. 2. Measured-V characteristics for the three samples (dashed lines in Fig.)3 assumed in much previous work to
(dots and theoretical currer(solid lines from the model param- be dominanf°It is seen that only some of the experimen-
eters described in the text. tal features can be explained. However, when phonon-
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FIG. 4. EL spectra for the 60- and 80-A samples showing the
type-Il luminescence and the typical signal from a highly monoen-
ergetic hot electron populatiof, . Inset: Evolution of the type-II

X-H transition energy with bias. The solid lines are the fits dis-

1.70 1.75 1.80 1.85 . .
1.90 cussed in the text.

Applied Bias (V)

_ Poxy=0.15+0.05 ps ! to Xyyl better agreement is obtained.
FIG. 3. Experimentab-V data(dot9 for the three samples and For the 100-A sample the same valueRy,, accounts well
the theoretical conductandsolid lineg from the model described for the feature at 1.80 V ascribed to ela){stic transitions to

in the text. Their comparison allows the assignment of each experi xy2- The relative values of thé’my and P0xy(ph) param-
mental feature to a given intervalley transfer process. The dashe . : -
. . . . . eters are in good agreement with those observex,jAike
lines show the theoretical conductance including only elastic trans: . 12 . L "

pe-Il luminescencé!? and with the relative intensities of

ty
fer to theX, states. . . - .
the y; lines observed in EL, described below. The promi-

assisted transfer is included the calculation describes all theence of theX,, resonances relative %, is notable. This is
o-V features very well for all sampldsghe full lines on Fig.  Well described by the model and arises because of the much
3) and allows their clear identification. greater overlap of th&,, states with thd” emitter states in

To adjust theX, resonances to fit the data we varied thefinite electric field. The strong contribution froiX,, was
conduction-band discontinuity between theband edge in completely unsuspected in previous studies of transport
GaAs and theX band edge in AlAs Ar.y), which deter- through AlAs barriers, which were based primarily on com-
mines the biases at which resonances occur,Rypdvhich  parison with type-Il PL results at zero electric field.
determines their amplitude. It is important to note that the The above analysis has permitted a precise determination
relative amplitude of the transfers to successfydevels is  Of the transfer rates for elastic and phonon-assisted interval-
very well described by the model. This depends only on thdey scattering. These aratrinsic values independent of the
overlaps and is not adjustable. The best fit is obtained fofletails of the structure. Using the relevant envelope function
Po,=7=2 ps ! for all samples. The\;_y values employed overlap, the intervalley transfer rates can then be calculated
are 114 meV for 60 A, 126 meV for 80 A, and 123 meV for for other heterostructures. We applied these results to SL'’s of
the 100-A sample. They are in good agreement with thaRef. 5 and found very good agreement with the measured
suggested by Mendest al® and are much less than the com- transfer times. For example, for sample 1 of Ref. 5, our cal-
monly used value of-180 meV2® culation gives 0.17 ps compared to 0.14 ps measured, and for

The fitting to theX,, resonance was obtained using the Sample 8 of Ref. 5, 1.7 ps compared to 2.6 ps measured.
same Ary values. The best fits are obtained for Thesel’— X intervalley transfer mechanisms, which de-
Poxy(TA)=0.5+0.2 ps?, Poxy(LOga)=0.9+0.3 ps?, pend strongly on the natur, or X,,) of the X state, are
and Po,,(LOy)=3=1 ps ! for ali samples. For the 80- and confirmed by the EL measurements, which prpbe the
100-A samples wherX,, is lowest the amplitude of the first complementar)X—T" transfer. Figure 4 presents typical EL
conductance threshold is underestimated using the abowpectra for the 60- and 80-A samples. For the 60-A sample
value of Py,. If we include an elastic transfer rate X,1 is the lowest state. We observe a strong no-phonon
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type-ll line X,1-H, arising from recombination of,1 elec- No EL is observed at higher energy thafl-H or
trons with HAL (see Fig. 1. In addition, a hot electron popu- X,,1-H, even for biases corresponding to the higher reso-
lation which relaxes by emitting a cascade of zone-centenances in the conductance. This proves that intravalley relax-
GaAs LO phonons#Q o =36 me\) is observed from its ation in the AlAs is much more efficient thatto I' tunnel-
recombination with neutral acceptoréseries of lines ing out, which only occurs for electrons which have relaxed
Ep-nLO, n=0,...,3 inFig. 4). As shown in Ref. 13 for to the lowestX state. Thus tunneling through such indirect
Al,Ga, _,As barrier samples, the acceptor levels are shiftedyap barriers is strongly sequential. Coherent tunneling in-
from the confined level in the HAL by about 13 meV. We duced byX,-I" mixing discussed in much previous w&rk°
observe the same shift betwe#nl-H andE,. This indi- appears to play very little role in the transport.
cates that electrons are injected into the collector at the We also calculated th¥-H transition energies using the
X,1 energy. Thus we conclude th& to I' transfer out of  self-consistent band potential. Good agreement with experi-
the barrier is elastic, in agreement with the conclusion for thenent is obtained using .y of 116 meV for 60 A, 115 meV
I'-X, transfer. for 80 A, and 122 meV for 100 Ainset to Fig. 4. This

For 80 A (and in a similar way for 100 A Xyyl is the  strongly confirms the valua_x=120=6 meV. The type-Il
lowest state and the type-Il EL exhibits a weak no-phonorenergyX-H is very sensitive to charge accumulation in the
line Xy1-H and three phonon replicag, y,, andysaris- AlAs. The good agreement indicates that such charge
ing from pnonon-assisted recombination with the HAL, in- buildup is small(<10'cm™?), justifying the assumption
volving AlAs, TA, GaAs LO, and AlAs LO zone-boundary made in the modeling of-V.
phonons, respectively. A zone-center GaAs LO-phonon cas- In conclusion, we have shown thEtX andX-I" interval-
cade is again observed, the highest-energy ligg) (being ley transfer in AlAs/GaAs 2D systems depends strongly on
observed 13 meV below the; replica. We conclude in this the nature(X, or X,,) of the X states involved, but with
case that the hot electrons are injected at an energyomparable strength in the two cases. Transfer to or from
Qo below X, 1, thus showing that the dominant X, is mainly elastic but not coherent, whereas transfer to or
Xxy-I" tunneling out mechanism is AIA¥ point LO-phonon  from X,, is dominated by zone-boundary phonon scattering.
scattering, again in agreement with the conclusion forin both case$-X-I" transport through indirect-gap AlAs bar-
I'-X,y transfer. riers is sequential.
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