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We report an electrical transport and electroluminescéBté spectroscopy study of single-barrier GaAs-
AlAs-GaAs p-i-n tunnel structures with a barrier thickness in the range 4.5—-8.0 nm. The results permit us to
determine directly the relative roles of nonresonBfit tunneling and resonart-X-I" intervalley transfer in
the transport through the indirect-gap tunnel barriers. Th¥-I" transport is shown to take place predomi-
nantly without conservation of transverse wave vectqj,(with k;-conserving scattering viX, states only
significantly close to the onset df-X intervalley transfer. By detecting extremely weak EL arising from
excited X, states we show that the compldieX-I" transport process is very strongly sequential and deter-
mine, quantitatively, the comparative time scales Xal" and interX-level scattering. The bias-dependent
I'-X-T" andI'-T" transport times are determined for AlAs barrier widths in the range 3.0—10 nm. The intervalley
I'-X-T" transport model yields results in good agreement with experiment and demonstrates that, providing
intervalleyI'- X transfer is energetically possible, nonresoriait tunneling only contributes significantly to
the transport characteristics for barrier widths~e8 nm or less[S0163-18208)04540-9

I. INTRODUCTION X-point conduction-band minima both parallé{,j and per-
pendicular ¥y,) to the direction of current flow. In contrast
Over the past few years there has been widespread intewith previous works™° both X, andX,, states were shown to
est in the nature of electron transport processes throughe strongly involved in thd'-X-I" transport process, with
GaAs-AlAs-GaAs heterostructures. This has arisen fronT'-X,, scattering being predominantly inelastic while transfer
both the numerous device applications of such structures anda X, states was shown to take place elastically. Inelastic
the potential for studying novel transport phenomena in thigransfer viaX,, is expected to proceed without conservation
materials system. Mendeat al,! were the first workers to Of the transverse wave vectokj since the transversi
draw attention to the possibility of multiband transport pro-minima lie close to the Brillouin zone boundary in theand
cesses in GaAs-AlAs heterostructures involving conductionk, directions. By contrast, th¥, minima lie close tdk,=0
band states in the AlAs layer with different symmetry andand I'-X, intervalley transfer can proceed both witAK
location in wave-vectofk) space. GaAs has a direct band =0) and without Ak;#0) conservation ok .
gap with the lowest conduction-band minimum lying at the Although significant advances were achieved in Ref. 4,
I'(k=0) point of the Brillouin zone. By contrast, AlAs has we focus here on several other important aspect$’-of
an indirect band gap with conduction-band minima close tdransfer. In particular we direct attention to sharp features in
or at theX point [001].2° Electron transport through GaAs- o-V observed close to the onsetIbfX, transfer, we report
AlAs-GaAs single-barrier structures may thus arise eithethe observation and analysis of excitédstate electrolumi-
from nonresonant tunneling through the AlAs barri€I’ nescence transitions and present a combined theoretical/
tunneling or from intervalley transfer via quasilocalizetl  experimental analysis of a key aspect of transport through
states in the barriel{-X-I" transpor}. AlAs barriers, namely, the relative roles b X-I" andI'-TI"
Previously we have reported the determination oflth¥  channels as a function of barrier width.
(emitter-barriey intervalley transfer mechanisms in GaAs- We begin the present paper by presenting a qualitative
AlAs heterostructures by modelling of the electrical transportdiscussion of the form of thé-V and o-V characteristics
characteristic. Clear features were identified in the expected fol'-X intervalley transfer, proceeding either with
conductance-voltageo( V) curves arising from transfer via or withoutk; conservation. This discussion provides the ba-
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sis for a sound physical understanding of the detailed shapes GaAs AlAs GaAs

of the features observed in the transport characteristics. We Emitter Barrier  Collector
then explain whyk, nonconserving processes dominate reso- n i p

nant transfer viaX, states, whereas they play a much less

significant role in other more widely investigat¢d-I"-I") J\

resonant tunneling systems such as GaA$A ,As X T 7 Key= == =
(x<0.4) double-barrier tunneling devices. Tkg noncon- lx) X
serving transfer modéhccounts very well for nearly all the R
features observed in the-V characteristics for all samples Ir) T
investigated. However, the sharp featuresritV we report /5\ T cars X care
for barrier widths of 6 nm and less are shown to arise froma T ==

weak Ak;=0T"-X, conduction channel. Such-X,-I" pro- ) TaasXane

cesses were assumed in much previous work to dominate the
I'-X-T intervalley transport:®

Study of the electroluminescend&L) from the p-i-n
diodes provides complementary information on the compara-
tive roles of thel'-X-I" andI'-T" transport channels. For bar-
rier widths of 6 nm and less, a pronounced transition is ob-
served, with increasing device bias, which reflects directly
the transition from nonresonaditI' tunneling to resonant FIG. 1. Schematic representation of the band structure of the
I'-X-I' transfer. By detecting extremely weak high energyp-i-n GaAs/AlAs/GaAs tunnel diodes investigated. The
EL arising from electrons populatirexcited X states, com- conduction-band minima at tHeandX points of the Brillouin zone
parative estimates of both the intervalldyX and X-T' are shown by the full and dashed lines, respectively. Xtgoint
transfer times, and the intet-level relaxation time, are ob- potential forms a quantum well within the AlAs barrier, with the
tained. I'-X transfer process then taking place between#symmetry 2D

Finally, quantitative values for thE-X-I" transfer time emitter states and quasilocaliz&dstates within the AlAs barrier.
are calculated as a function of electric field for various AlAs Schematic envelope functions for tiie(emittey and a singlex,
barrier widths in the range 3.0—10 nm. By comparing thesélongitudina) andX,, (transverspstate are shown.
results with calculated-I" tunneling times we show that the
I'-X-I" channeldominateselectron transport in GaAs-AlAs- tected by a high sensitivity Ncooled Si charge-coupled de-
GaAs structureswheneverl - X intervalley transfer is ener- vice detector array. For measurements at both zero and finite
getically possible. This conclusion is shown to be valid formagnetic field the samples were maintained at a stabilized
barrier widths down to-3 nm, with nonresonarif-I' chan-  temperature of 1.7 K in the vertical bore of a 16 T supercon-
nels only dominating for barrier widths less that2.5 nm. ducting magnet.

The paper is organized as follows: in Sec. Il the experi-
mental details are summarized. This is followed in Sec. llI
by the qualitative discussion of the expected fornT'eX-I"
transport characteristics. TheV and o-V results then fol-
low in Sec. IV and are compared with these qualitative ex-
pectations. Electroluminescence spectra from both ground A schematic band diagram of the structures under applied
and excitedX states are presented in Secs. V and VI withforward bias is shown in Fig 1. The zone cenféyr and zone
calculations ofl-I" andT'-X-TI" transport times following in  boundary(X) conduction-band profiles are shown by full and
Sec. VII. Finally, the conclusions are summarized in Secdashed lines, respectively. Since thHGaAs)-X(AIAs)

VIII. conduction-band offset is significantly less than the
X(GaAs)d'(GaAs) separation, a quantum well for electrons
is formed at theX point of the Brillouin zone within the
AlAs “barrier.” Within this X-point quantum well both the

The experiments were carried out on thgpé-n GaAs-  longitudinal (X,) and transverseX,) X minima give rise to
AlAs-GaAs single-barrier heterostructures, grown by mo-quasiconfined staté8.The ordering of thes& states is de-
lecular beam epitaxy in two different laboratories. The structermined by the competing effects of quantum confinement
tures studied consisted of the following layers grown onand straif® with the result that for AlAs layer thicknesses
n*-type GaAs substrates: 04&m n=2x10"%cm > GaAs less than~7 nm the lowest state hag, symmetry, while for
buffer layer, 50-nmn=1x10"-cm 3 GaAs, 50-nmn=3  greater layer thicknesses the lowest statesxayelike.

X 10'%-cm ™2 GaAs emitter, 5-nm undoped GaAs spacer, 4.5 For applied forward biased/(,p greater than the built-in
nm, 6 nm or 8 nm undoped AlAs barrier, 5-nm undopedvoltage of thep-i-n junction (~1.5 V), two-dimensional
GaAs spacer, 0.5m p=1x10"-cm 3 GaAs collector and (2D) electron and hole accumulation layers are formed on
0.5-.um p=1x10%-cm 3 GaAs top contact. The samples either side of the AlAs barrier. In our structures, the low
were processed into 2Q@m-diameter circular mesa struc- doping concentration in this region ensures that the accumu-
tures with annular top contacts to facilitate optical accesslation layer states are two dimensiortaD) in nature. Elec-
Electroluminescence was collected by iansitu fiber optic  tron and/or hole tunneling then occurs from these accumula-
system, dispersed by a triple-grating spectrometer and ddion layers through the AlAs barrier with minority carriers

Ill. ELECTRON TRANSPORT MECHANISMS
THROUGH GaAs-AlAs-GaAs STRUCTURES:
QUALITATIVE DISCUSSION

Il. EXPERIMENTAL DETAILS
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injected into thep and/orn regions, respectively. The energy
separation between the Fermi level of the 2D electron accu- vy
mulation layer and the confined states within the barrier

may be accurately controlled by adjustiky,.

We now discuss the qualitative form of thev ando-V
characteristics expected fdr-X-I' transport through the
AlAs tunnel barrier. The discussion provides the basis for
understanding the form of the-V results in Sec. IV and
illustrates the principal differences between such resonant
transfer viaX states and the more familiar case of resonant
(I'-I'-T’) tunneling in GaAs-AlGg; _)As double-barrier het-
erostructures. These differences arise primarily as a conse-

(@)

app=va

Ve

guence of the differing effective masses of thandX states
between which transport occurs in theX-I'" case, in con-
trast with I'-I'-I" resonant tunneling where the effective
masses of all states involved are very similar.

The I'-X-T" transport involves two intervalley transfer
steps, firstly across the emittefGaAg-barrier (AlAs)
interface [I'(GaAs)-X(AlAs)], followed by a further

X(AlAs)-T'(GaAs) transfer at the barrier-collector interface.

The rate for sucl’-X transfer is well described by an ex-
pression of the forr?

1
— =Ko PP, &

where ') and |[X) represent the normalized envelope func-

tions describing thd" and X states involved andP® is an
intrinsic rate forl'—X transfer® A similar expression ap-
plies also to theX—T transfer. In['-X-I" transport, the elec-
tric field in the AlAs barrier results in thX-state envelope
functions being strongly localized close to the AlAs
(barriep-GaAgcollectop interface as shown schematically
on Fig. 1. This enhances thé&barriep-I'(collecto) envelope
function overlap[Eqg. (1)] and consequently thE(emitter)

— X(barrier) transfer step is expected to govern the form o

thel-V ando-V characteristic$.
The degree to which in-plane wave vectds)(is con-

served inl"— X transfer has a strong influence on the form of
theT'-X-T" current expected. We first consider the situation

for I'—=X transfer withoutk, conservation fk;#0) fol-
lowed by the case witlk; conservation 4k;=0), although

in reality, which mechanism dominates depends on the synj
metry of the X states involved and the degree of residual

disorder in the system.

Energy versus in-plane wave-vectd-k;) dispersion re-
lations for thel” emitter states and a singiebarrier subband
are shown in Fig. 2 for four values &,,,(Va4, Vy, Ve, and
V). These values correspond to the situations wherd’the
and X 2D subband minima are separated by energiés
= Ef (Va), O0<AE< Ef (Vb s VC)! AE=0 (Vd)’ WhereEf is
the bias-dependent Fermi energy of the populated emitt

\

c

FIG. 2. (a) I and X subbands depicted iB-k; space forl'-X
transfer proceeding witli@®) or without (O) conservation of the
transverse wave vectok) for four values of the applied bias. Also
shown are the schematic forms expected for the current-voltage
(I-V) and differential conductance—voltage-{/) characteristics
when tunneling via a single, isolateX state is considered. The two
sets of curves iic) and(b), respectively correspond 1o-X transfer
with and without conservation of the transverse wave vector.

electrons transferring throughsingle Xsubbandwithout k;
conservation. Additional effects due to changes in the
strength of thd™-X coupling[Eq. (1)] and the variation oE;
with V., are not included in the present qualitative discus-
sion. IncreasingV,p, results in the energy of thX states
within the barrier being lowered relative to ttie(emitten

tates. Intervalley'-X transfer first becomes possible at a
ias such that the lowest subband in the AlAs layer be-
comes resonant with populated emitter states close to the
Fermi energy Vo= Va, Fig. 28)]. Further increase of
leads to a linear increase bfsince the number of electron
states from which intervalley transfer can oc¢shown by
the open circles in Fig. ()] increases linearly with bias,
reflecting the 2D emitter density of states. ¥g,, increases
eyondV., when the bottom of th& subband moves below
the bottom of thel' subband, no further increase incan
occur and the current saturafésll line, Fig. 2(b)]. The cor-
respondingo-V variation, shown by a dashed line in the
figure, is a broadened step function with a width determined
by E; and an amplitude proportional to the strength of the
coupling betweed” and X states:

When the emitter Fermi energy is greater than the sepa-

ration betweerX subbands, as is the case for our structures,

She resonances in-V are expected to be strongly overlap-

states represented by the heavy curve on the figure. The open

(filled) circles correspond to populated emitter states, whic
may participate imMk;#0 (Ak,=0) transfer while simulta-
neously satisfying energyand k;) conservation require-
ments.

A. k;, nonconservingI'-X transfer

Figure 2b) shows a schematic representation of the
(full lines) and -V (dashed linesvariation expected foF

{ping, with transfer into more highly excited subbands com-

mencing before the cutoff of transport into the previous sub-
band. Thus, we expect the overattV variation for Ak
#0TI'-X-T" transfer to consist of a series of steplike in-
creases, each step corresponding to the opening of another
I'-X transfer channel. We note thatk,#0 transfer may
involve eitherX, or X,, states whilek-conserving transfer
(described beloyvinvolves only X, states that lie close to
k,=0.
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For I'-X-T" transport with conservation of in-plane wave 1700 1750 1800 1850
vector, the onset of intervalley transfer arises at a M_gpg Voltage (mV)
=V, where energyand transverse momentunk,) can first
be conserved between populatEdemitter andX, barrier FIG. 4. Experimental and calculatedV curves for the 4.5- and
states. In contrast to thek,#0 case, the number of states 6-nm samples measured Bt 1.7 K. The dasheddotted lines on
from which intervalley transfer can occur is now biasle-  the figure show the calculates-V characteristics for the 4.5-nm
pendenffilled circles, Fig. Za)] until the cutoff of the reso-  (6-nm) samples, including elastic/inelastie X, andI'- X, transfer
nance is reached when the minima of theand emptyX, processes. The onsets of the resonant features are labeled by the
subbands are aligned. The resultihg/ curve is thus ex- index of theX state(and phonohinvolved.
pected to adopt a steplike form, as shown by the full curve in
Fig. 2(c), with the correspondings-V curve showing the 4.5-nm and 6-nm barrier samples measured at 1.7 K. For
positive- and negative-going peaks at the onset and cutoff dfoth samples, current flow begins at an applied bias close to
the resonance, respectivelyashed lines in the figureThe  ~1500 mV corresponding to the built-in potential of the
broadening of the resonancelitV is proportional to a factor p-i-n tunnel diodes. The current then increases smoothly for
E{(1-mj/mg), which arises directly from the effective- voltages less than-1700 mV before increasing sharply at a
mass difference between the emitizand X, states. barrier-width-dependent threshold marked by arrows in the

The I1-V characteristics expected fahk,=0T-X,-T figure. We identify the smoothly increasing current, at low
resonant transfef2D-2D) thus contrast strongly with the bias, as arising from nonresonahtpoint tunneling of
more familiar case oAk,=0 I'-I'-T' resonant tunnelin¢2D- electron$® through the AlAs barrier. As expected, the mag-
2D). In the latter case, the effective masses of the emitter anflitude of such nonresonant tunneling current decreases
quantum well states are the same, and energyaace only strongly with increasing barrier width, reflecting the decrease
conserved at a single value dfy,, for the entire emitter of the nonresonant tunneling probability. The s_harp increases
distribution. As a result, strongly peaked structure is pre0f the current correspond to the onsetIofX intervalley
dicted theoretically and observed experimentally-. The  transfer with additional onsets observed at higher biases
situation when the effective mass characterizing the quanturtinarked by arrows in Fig.)Zorresponding to the opening of
well and contact regions differ has been considered by Ohnguccessive overlappirg X transport channels. Devices with
et al* for 3D-2D resonant tunneling. In this work, the addi- wider barriers(up to 10 nm exhibit qualitatively similar,
tional degree of freedom in the 3D contact was shown tc@lthough more complex, behavior to the 6.0- and 4.5-nm
result mainly in a distortion of the shape of the resonancéarrier samples discussed hére.
with the majority of emitter electrons still able to participate ~ The resonant features of Fig. 3 are more easily visualized
in Ak,=0 transport. By contrast, in the present case only dn the o-V curves of Fig. 4, which consist of a series of
very small fraction of populated emitter states are availabl@verlapping step and peaklike increases. Most of the features
to participate inAk;=0 transfer over the width\M,<Vp, observed in Figs. 3 and 4 are con5|s.tent with the expgctgt|ons
<V, of the resonance. Thus, we expect thdt,+#0 pro-  Of Sec. Ill for Ak;#01I'-X transfer[Fig. 2(b)]. These simi-
cesses will contribute much more strongly than fof-I' larities are particularly evident for the 6-nm sample, which

B. k;-conservingI'-X transfer

resonant tunneling where they play only a minor role. exhibits three clear conductance steps at 1730, 1770, and
1810 mV. As anticipated in Sec. lll, negative differential
IV. ELECTRICAL TRANSPORT: resistance features as associated wikh= 0 I'-I'-I" resonant
EXPERIMENTAL RESULTS AND DISCUSSION tunneling are not observed. Accurate identification of the

features in Figs. 3 and 4 was obtained by self-consistent
Figures 3 and 4 show theV and o-V characteristics of solution of Poisson and Schiimger equations within the
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envelope function approximation. The most important input S

is a reliable knowledge of the variation of the electric field el
across the emitter/barrier region as a functionvgf, and ‘\i
was obtained from Shubnikov—de Haas-like magnetotrans-
port (1-B) measurement¥.

With a knowledge of the variation of electric field with
bias, thel-V and o-V characteristics were calculated, as-
suming full relaxation of the requirements fly conserva-
tion. With the assumption oAAk,#0 transfer, the current -
density flowing through thethX subband is given by, X HH V> LB
=eN;/mrx. T IS calculated from Eq(l) for eachX state, b A E(X)

N is the emitter density, which may transfer into Ketate, ~AAEL(X)-LO
satisfying energy conservati¢iNg~(AE/E;)ng], andAE is A°
the energy separation between the emitter Fermi level and

the X state(Fig. 2). The totalX channel current is then cal-
culated by summing over aK states available for conduc-
tion.

The dashed and dotted lines in Figs. 3 and 4 show th

results of the calculation for thg 4.5- and 6.0-nm samples. Ificipate in eitherAk,=0 and Ak,#0 transitions[see Fig.

is seen that the nonconserving model accurately repro- o5 Vape=Vpl. Thus, Ak;=0 T-X,, transfer may be ob-
duces the general form and onset positions of nearly all thgeryed close to onset, since it is expected to be an intrinsi-
observed features. In addition, the calculation confirms thegjly much stronger procesper emitter electronthan
identification of the current onsets IRV observed at 1775 {isorder-induced Kk,#0) elastic transfet® However, as
mV (4.5 nm and 1735 mV(6 nm) as corresponding to the y/__is increased beyond the onsetlofX transfer, a rapidly
onset ofl’- X transfer. The parameters were identical to thosﬁncreasing number of emitter electrons can accAss
used in Ref. 4 for 6-, 8-, and 10-nm barrier samples. It S,z g T-X transfer channelésee Fig. 4and the comparatively
notable that the cutoffs of the resonances, expected both f%eakAkH=0 component becomes submerged in the broader
the Ak;#0 or Aky=0 models[Figs. 2b) and 2d)] are not  condyctance signal arising fromk,#0 processes. Thus
observed. As anticipated in Sec. lll, this behavior has a VeI k=0 features are only expected to be observed close to
natural explanation since the typical Fermi energy of thee nitial onset of-X-I' conductance. This interpretation is
populated’” emitter states&;~25-40 meV) is greater than g,nnorted by the form of the-V characteristics obtained
the energy separation between resonances. Individual resgym wider barrier sample¢see Ref. % In such devices
nances are, therefore, strongly overlapping with the openingimijar sharply peaked structure is absent since the strongest
of the nextX channel occurring before the cutoff of the pre- -ontribution too close to onset arises from elastic X,

vious resonance. The possibility for multiple, overlappingi snsfer where, as described aboid, =0 transfer may not
resonances at a singhé,p, contrasts strongly witd-I'-I' 4.,

resonant tunneling in Which_transport proceeds via a single Finally in this section we note that the good quantitative
quantum state at any specific value\of,,. fits obtained to both-V ando-V over a wide range of bias
The assumption of nonconservation kyfis expected 10 jngicate that nonresonahtI” tunneling provides a negligible
hold well for theX,, resonances, since they require a largecontribution to the total current foV ,pp Deyond the onset of
change ofk, . However, the accuracy of the assumption iSp_x transfer. This conclusion is confirmed by the EL mea-

less clear forl'-X, transfer. Indeed, in magnetotransport 5 ;rements and supported by the calculations in Secs. VI and
measurement¥, we have found evidence for an increasing VIL

contribution from Ak,=0T1-X, transfer processes at el-
evated magnetic field.

Closer examination of thE-X,; resonance for the 4.5-nm
sample in Fig. 4 shows there is a sharp peaksil close to Figure 5 shows the main processes leading to the genera-
the onset of"-X transfer K, atV,~ 1780 mV). Asimilar  tion of high energy EL in the devices investigated. For biases
sharp onset peak is also observed for the 6.0-nm barridrelow the threshold for intervalley’-X transfer ¥,,,
sample(~1735 m\) in which the first resonance encoun- <1700 mV) a population of hot electrons is injected into the
tered also arises from elastle-X,; transfer. Such sharply p-type collector by nonresonart-I" tunneling through the
peaked structure is consistent with the qualitative expectaAlAs barrier. These highly energetic electrons then relax by
tions for Ak, =0 elastic transfefsee Fig. Zc) and discussion sequential emission of zone center LO phonotg) (o
of Sec. lll B] and cannot be reproduced by th&,#0 model  ~36 meV), generating EL by recombining with holes local-
[Fig. 2b)]. ized at Be acceptof$?° (e-A° recombination Such hot

It is notable that\k,= 0-like structure is only observed at electron EL is expected to be qualitatively similar to that
biases close to onset where the strongest contributiom to observed from direct gap GaAs;8g; ,As-GaAsp-i-n
arises fromI'-X,, transfer. Under these conditions, only structures® consisting of a broad bias-dependent peak aris-
emitter electrons close to the Fermi level may undergdng from the recombination of ballistic electrof&,(I")],
I'-X,, elastic transfer, with similar numbers available to par-together with a number of LO phonon satellites

AN

FIG. 5. Schematic band-edge diagram showing the main pro-
cesses leading to the generation of high-energy type-Il and hot-
glectron EL in thep-i-n structures investigated.

V. ELECTROLUMINESCENCE SPECTROSCOPY
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FIG. 6. Low temperatureT=1.7 K) EL spectra obtained from w 1650 - |
the 4.5-nm barrier sample as a function of the applied bias. The low e e
bias (V4pp<1760 mV) EL spectra are very weak and exhibit quali- 1650 1700 1750 1800 1850 1900 1950 2000 2050
tatively similar features to those observed in tunneling through (b) Voltage (mV)

direct-gap single barrier structures. At higher bias, a pronounced
change in form is observed with a sudden enhancement of the spec- FIG. 7. EL peak positions for 4.5-ni@ and 8.0-nm(b) barrier
tral resolution together with a dramatic decrease in the peak shifsamples. The full(dashed lines show the calculated energy at
rate with applied bias. Features corresponding to Befh[EL(I") ~ which Ep(I") (X2 —HH) EL emission is expected to arise.
—iLO] and I'-X-T' [X,;—HH and E,(X,;)—iLO] transport of
electrons through the AlAs tunnel barrier are observed. exhibits a number of GaAs LO(~36 me\) phonon satel-
lites. We identify these two peaks s,-HH and E,(X,1),
[Ey(T)-iLO] at multiples of 4Q, to lower energy. For respectively. The slope of the peak position versus bias
biases beyond the threshold fBrX transfer, electrons are Variation in Fig. 7a) changes abruptly since the hot-electron
also injected into the collector frod states within the AlAs ~ Population is now injected from aX-symmetry electronic
barrier. This produces additional hot-electron EL cascadestate that is localized closer to the collector region at an
that reflect the distribution oX-point electrons in the AlAs energy below the emitter Fermi levidee Fig. 524 In order
barrier [EL(X)-iLO,i=0,1,...]. We expect the relative to support this identification, the energy of tkg,-HH tran-
strengths of the ballisti€,(I') andE,(X) EL peaks to pro- sition was calculated as shown by the dashed line in Fig. 7.
vide a guantitative comparison of the roles of nonresonanfs for the E,(I') peak position calculated above, both the
I'-T" and resonant’-X-I" transport processes. In addition to absolute energy and slope are very well described by the
hot-electron EL X, electrons in the barrier generate EL aris- calculation; the change in the nature of the transport from
ing from zero-phonon type-Il recombinatirwith holes lo-  nonresonanf’-I' tunneling to resonanf’-X-T' transfer is
calized close to the barrier on tipeside (X;-HH, Fig. 5. thus demonstrated. Very similar results were obtained for the
Figure 6 shows EL spectra obtained from the 4.5-nm6-nm sample in Ref. 25, although in that cdsé" features
sample for biases from 1640 to 1860 meV. The energies ofould only be observed over a very small bias range before
the EL peaks are plotted as a function\gf,,in Fig. 7(a). It~ the onset of’-X-I" transfer.
is seen that the highest-energy peak arises at an energy very For biases beyond the onset bfX transfer, for the
close toeV,pp for V,p,<1775 mV, the voltage at which-X  4.5-nm sample, we could not detect any structured EL on the
intervalley transfer commencdsee Figs. 3 and]#° The  high-energy side oK,,;-HH. The absence oE,(I") is no-
Ep(I") identification is confirmed by calculations of the en- table; atV,,,~1860 mV, for example, it is expected to arise
ergy expected for such ballistic EL from the self-consistentat ~40 meV to higher energy thaX,;-HH [see Fig. 7@].
Poisson-Schidinger modeling of Sec. IV. The results are This demonstrates clearly that theX-I" channel dominates
shown by the full lines in Fig. (& and are seen to be in the electron transport for biases beyond the onsel-of
excellent agreement with the observed peak positions. transfer(~1760 m\). An estimate of the upper limit for the
At Vg~ 1780 mV, a sudden change in the form of therelative strength of the two transport channels can be ob-
EL spectra is observed with the appearance of a number @éined by comparing the EL intensity Bf,(X,;) with that of
more clearly resolved features. In addition, the slope of thehe high-energy tail oK,,-HH under whichEy(T") emission
variation of peak position with ,, is strongly reduced. The is concealed. From the EL spectra in Fig. 6, we estimate that
highest energy EL peak now consists of a pair of sharpetheI'-X-I" transport channel is at least500 times stronger

peaks separated by12 meV, the lower energy of which than that for nonresonantl-I' tunneling, for Vg,
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' ' ' ' ' recombinatiorf.” Much clearer excited-state emission is ob-
X,-HH \ 8.0nm Barrier served from the 8-nm sample, as seen in Fig. 8. Over the bias
Ep(X,2) range 1790 mW¥ V,,< 1850 mV two weak peaks separated
X_-HH by ~12 meV[labeledX,,-HH andEy(X,,)] are observed on
E.(X.)) \ / /7 the high-energy side of,;,-HH. The bias dependence of the
) \’\( W‘ EL features is plotted in Fig.(B), with the full and dashed
£| M M‘ 1850m\ lines showing the calculated energies fir,-HH and
g bu(" [ Hbe X,o-HH type-ll emission, respectively. It is seen that excel-
8 WUWmao v lent quantitative agreement is obtained between the calcu-
%‘ \‘ " lated X,,-HH positions and the experimental points. The
S W“\Llw""wwu lower-energy of the two peal€,(X,,)] arises frome-Ag
e X, -HH MLﬂmOmV recombination of ballistic electrons injected elastically into
o x50 1790mv the collector fromX,,. The observed~12-meV energy
separation is identical to that observed betwX¥eirHH and
X HH Ep(Xy,) for the 4.5-nm barrier sampl@ee Sec. ¥
2 Analysis of the relative intensities of both the
/ Ep(X,):Ep(Xz1) and X,»-HH: X,1-HH peaks yields quanti-
tative information regarding the relative populatiam, (n;)
x1000 and X-T" lifetimes (7,/71) of electrons populating th¥,,
17eomv- 6.0nm Barrier and X,, states. The current density(,) injected into the
700 150 1s0 1860 collector from eitheiX,; or X,, is given by
Energy (meV) en,
FIG. 8. Excited-state EL spectra obtained from 6-nm and 8-nm J12= Tio @

barrier samples for applied biases in excess of the onset of elast

I'-X,, transfer. the e-A% EL intensity arising from such monoenergetic hot

electrons occupying conduction band states with kinetic en-
ergy E is given by?® | <J|M(E)|?r.o, where|M (E)|? is the
energy-dependene-A° recombination probabili) and
70(E) is the GaAs LO phonon scattering tinte- 150 fs.
Thus, the relative intensity of th&,(X,) and E,(X,)

peaks] 1 ,(X,)/1(X,,)] are related to the ratid, /J, via®

=1860 mV, and thus the electrohi-X-I" transport time
(rrxr) is at least~500 times faster than the nonresonant
I'-I" tunneling time ¢rr).

VI. EXCITED-STATE ELECTROLUMINESCENCE

For biases beyond the onset BfX,, transfer, electrons Ji_ [ 16(Xz) 3
transfer simultaneously int¥,;, X,,, and Xy, states, with Js (X))’
the steady-state population of each being governed by the .
relative time scales over which intersubbandX,j WhereR:|M(E21)|2/|M(E22)|2' By combining Eqs(2) and
— Xz, Xpo— Xyy1, and X1 — X,1) scattering an-T" (col- (3) we obtain
lecton transfer take place. Electrons populating excidd [ (X 1

b(Xz) (E) ( Tz)

states will then generate type-Il and hot-electron(Elg. 5 X~ R
on the high-energy side of the ground-state type-ll emission b(Xz2)
discussed in the previous section. Such excited-state EL prorhus, the relative intensities of theallistic electron peaks
vides quantitative |.nform.at|on about energy relaxation withingrising fromX,, andX,, is directly related to the product of
the AlAs barrier |nC|Ud|ng the relative time scales OVerthe ratios of th@(z stateX-T" lifetimes and the Steady-state
which intersubband an&-I" scattering take place. A pre- |evel population ratios.
liminary version of this work was presented in Ref. 26, but e now proceed by considering the relative intensities of
with very limited quantitative interpretation or discussion. the type-Il EL peaks arising from th&,[l,(X,»)] and
The 4.5-nm barrier sample is not expected to generatg_.[],(X,,)] states. This intensity ratio yields quantitative

the onset of elastid’-X,, transfer is calculated to b¥,,,  states (,/n,) via the relation

~2020 mV, much higher than the biases investigated here.
However, for wider barriers the onset BfX,, elastic trans- 1h(X52) n2) ( |(X22|HH1>|2)
;er occurs at lower bias, and consequently excited-state EL () g\ [OCGaHHAD )
eatures are expected, as shown in Fig. 8 for the 6- and 8-nm
samples. The onset of elastitX,, transfer arises aV,,,  In Eq. (5), [(X,|HH)| is the envelope function overlap be-
~1830 mV and V,,~1785mV for the 6- and 8-nm tween theith X, state and the confined Histate in the hole
samples, respectively. accumulation layer.

For the 6-nm sample, a weak shoulder is observetb By fitting the hot electron and type-ll EL peaks for the
+5meV to higher energy thaX,,;-HH. This feature is ap- Vapp=1790mV spectrum in Fig. 8, we measure

proximately three orders of magnitude weaker tkgp-HH (X )/ 1p(X52) =450x=30 and I, (X,1)/1;(X;,) =550*=50.
and arises at an energy close to that expectedXfgrtHH  Correcting the latter value for the ratio of the envelope func-

n 2 T1 ’ (4)

(5
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tion overlaps~0.93 we obtainn, /n,=590+ 55. By insert- 10 F
ing this value into Eq.(5) we deducer,/7,=0.76+0.1.
Similar values are obtained for the other biases in Fig. 8.

This result demonstrates that the lifetimes of both the 100 b
ground and first excite¥, state in the AlAs barrier areom-
parable contrasting strongly with’-I'-I" resonant tunneling
systems in whichr, is generally much shorter than . This
arises since, fof'-X-I" resonant transport, there is no tunnel
barrier impedingX(barriep-I'(collectop transfer. Thus; 4 :
depends solely upon the intervalle$-I" scattering time, we F
which is expected to be only weakly dependent on the en- i
ergy of Fhexz _State involved. . © s (l> 2|o 4|o elo alo ‘ul)o . 1;0 . 1Alto Lulso 1éo 2:30 2éolz4o

For biases in excess of the onsel 61X, transfer, emitter Electric Field (kV/om)
electrons transfer principally into th¥,, state since the o .
I'-X,, coupling is much weaker. Despite this, the excited- FIG. 9. Calc_ulated“-l" tunneling timegfull lines 2, 3, 4, 5, and
state EL features in Fig. 8 remain much weaker than th@ "™: dashed lines 2.5, 3.5, 4.5, and 5.5 mmdI"-X-I" (symbols

. transfer times through single AlAs barrier as the electric field and
correspondingX,,-related hot-electron and type-Il features. e ;
This demonstrates clearly that the complE&X-T" transport width of the barrier is varied. The vglug @fxr presented repre-
. . . .. sents an average over the emitter distribution.

process is very strongly sequential in nature with
I'(emitter)-X(barrier) transfer occurring first, followed by
relaxation within the  AlAs barrier, before onset ofl'-X transfer increases strongly with the AlAs bar-
X(barriep-I'(collectop transfer takes place. rier width. This behavior reflects primarily the decrease of

In order to clarify quantitatively the sequential nature oftheI'-X coupling strengthiEq. (1)] as thel” andX envelope
theI'-X-I" transport, we estimated the relative magnitude offunctions become more spatially separated in wider barrier
the X,»-X,; scattering time £;) and theX-I" transfer time  structures. However, for electric fields significantly beyond
for electrons populating{,, (7). Assuming that electrons the onset of’-X transfer(>150 kV/cm) 7_x.r is observed
transferring intoX,, either scatter toX;; or undergo inter- to saturate at a value betweer0.1 and 1 ns forll barrier

Tunnelling Time (s)

<,
(3
1

valley X-T'(collector) transfet' we may write widths. This behavior arises from a balance between two
L competing effects: first, as the width of the AlAs barrier

ﬂ:{z ng 1] - ©6) decreases, the strength of theX couplingper X statein-
T | T1 Ny ' creases. This effect alone would result in a pronounced

) ) strengthening of the role oF -X-I" transport for smaller
Inserting the values ofry/n;) and (rz/7) determlrﬁd AlAs barrier widths. However, for thinner AlAs barriers
above into Eq.(6), we determine £;/7,)=220.5x10 quantum confinement effects become more pronounced with
fchus demonstrating clea_rly that the X-I" transport process the result that the average energy spacing betwestates
is very strongly sequential. increases. This reduces the total numbeX states available

for conduction at a fixed electric field and results in an over-
VII. I'-X-I" AND I'-I' TUNNELING TIMES all weakening of the contribution from tHg-X-I" transport

In this section we consolidate some of our principal find-channel. The calculation indicates that these two opposing
ings by comparing thd’-X-T" transport time ¢r.x.r) de- effects partlfilly compensate each other, with the result that
duced from ther-V modeling in Sec. IV and the EL results for electric fields(biase$ beyond the onset df-X-T" trans-
presented above, with that expected for nonresodaht e, 7r-x.r becomes onlyveaklydependent upon the barrier
transport ) through the AlAs barrier. We calculatg ~ Width. The occurrence of such saturation behaviorrag.r
using a WKB representation for the tunneling probability, with electric field permits us to state that for AlAs barrier
combined with a semiclassical tunneling attempt rate calcuwidths greater thard~3.0 nmI'-X-I" processes dominate
lated using the self-consistent Poisson-Sdinger modeling  wheneverintervalley I'-X transfer is energetically possible
described earlier. For the calculation, we us®10 meV for  whereas ford<2.5nm nonresonanf-I" tunneling will
the conduction-band offset at the GaAs-AlAs heterointer-dominate the electron transport characteristics. The results of
face, together withI-point electron effective masses of Fig. 9 are in good agreement with our experimental findings;
0.068n, and 0.In, for GaAs and AlAs, respectively. The in Sec. IV and Ref. 4, where we found tHatX-I" transport
I'-X-T" transport time ¢r.x.r) calculated represents the dominates for all samples investigated<{4.5—10 nm)
value averagedover the emitter distribution. whenever energetically possible. Furthermore, for the 4.5-nm

Figure 9 shows the results of the calculations as a functiosample we estimatedr{_-/ 7_x.rr) ~500 in Sec. V from the
of the electric field in the AlAs barriefd0—-200 kV/cm for ~ absence oEy(I") for biases above the threshold for interval-
barrier widths between 3.0 and 10 nm. The calculated varialey I'-X-T" transfer. This observation is in good agreement
tions of (7r.x.r) and 7 with electric field are shown by the with the calculated £y.;/ 7r.x.r) =200=50 at 170 kV/cm.
curves with and without symbols, respectively. The arrowsWe note, however, that further quantitative comparison of
mark the fields at whicli’-X transfer commences for each the calculations ofr in Fig. 9 with, for example, the non-
barrier width. resonant’-I" tunnel current flowing for biases below the on-

We find that the calculated value af-_x_ close to the set ofI'-X transfer(Fig. 3 is difficult since leakage currents
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may contribute significantly to the total tunnel current attures close to the onset &f-X transfer was shown to be
lower biases. consistent with a wealk, conserving contribution to the
I'-X-T" transport, which had been assumed to dominate the
VIll. CONCLUSIONS I'-X-T" transport process in much previous work. By detect-
ing extremely weak EL emission arising from excitéd

In summary, we have combined electrical transport mea-

surements with sensitive EL spectroscopy techniques to irstates within the AlAs barrier, the entide-X-1" tunneling

vestigate the comparative roles of nonresoriadt and in- ~ PrOCesS was shown to hery strongly sequential with'-X
tervalley T-X-T' transport process through indirect-gap sgat_terlng occurring first, followed by carrier relaxation
GaAs-AlAs-GaAs single-barrier structures. The contributionWithin the X valley of AlAs, beforeX-I" transfer occurs. In
to the total current front-I" tunneling was shown to be very addition, the comparativi-T" lifetimes of theX,, and X,
small for AlAs barrier widths greater than 4.5 nm, with States were shown to be similar.

I'-X-T intervalley transport dominatingtheneverenergeti- Finally, application of a; nonconserving model for the
cally possible. I'-X intervalley transfer process enabled us to determine
The I'-X-T' transport process has been shown to takefjuantitative values for th&-X-I" transport time and its de-
place predominantly without conservation of the transversgpendence upon both the width and the electric field in the
wave vector k;), an effect that arises from the differing AlAs barrier. From these calculations, we showed that non-
effective masses of thE (emittep andX (barriep electronic  resonantl’-I" tunneling is only important for barrier widths
states. Sharply peaked structure observed in théess than~3 nm or whenl'-X intervalley scattering is not

conductance-voltage characteristics of thinner barrier strugenergetically allowed.

*Present address: Walter Schottky Institut, Am Coulombwall, D- O. S. Hughes, J. C. Portal, G. Hill, and M. A. Pate, Appl. Phys.

85748 Garching, Germany. Lett. 52, 212 (1987).

1E. E. Mendez, E. Calleja, C. E. T. Galues da Silva, L. L. 7J. J. Finley, R. J. Teissier, M. S. Skolnick, J. W. Cockburn, R.
Chang, and W. I. Wang, Phys. Rev.33, 7368(1986. Grey, G. Hill, and M. A. Pate, Phys. Rev. B, R5251(1996.

2s. Adachi, J. Appl. Phys58, R1 (1985. 18An identical situation exists for the case BIT-T resonant tun-

3D. Bimberg, W. Bludau, R. Linnebach, and E. Bauser, Solid State neling systems where in generkk, =0 elastic tunneling domi-
Commun.37, 987 (1981J). nates the transfer process since more emitter electrons can par-

4R. Teissier, J. J. Finley, M. S. Skolnick, J. W. Cockburn, J. L. ticipate at a single bias.
Pelouard, R. Grey, G. Hill, M. A. Pate, and R. Planel, Phys. Rev1°C. L. Petersen, M. R. Frei, and S. A. Lyon, Phys. Rev. L&%.

B 54, R8329(1996. 2849(1989.
°A. R. Bonnefoi, L. F. Luo, W. I. Wang, and E. E. Mendez, Phys. 2°D. N. Mirlin, V. F. Sapega, |. Ya Karlik, and R. Katilius, Solid
Rev. B37, 8754(1988. State Commun61, 799 (1987.
®R. Beresford, L. F. Luo, W. I. Wang, and E. E. Mendez, Appl. 2!R. Teissier, J. J. Finley, M. S. Skolnick, J. W. Cockburn, R. Grey,
Phys. Lett.55, 1555(1989. G. Hill, and M. A. Pate, Phys. Rev. B1, 5562(1995.
"H. C. Liu, Appl. Phys. Lett51, 1019(1987). 22p_pawson, C. T. Foxon, and H. W. van Kesteren, Semicond. Sci.
8E. L. Ivchenko, A. A. Kiselev, Y. Fu, and M. Willander, Phys. Technol.5, 54 (1990.
Rev. B50, 7747(1994. Z3As expected for such a hot electron distribution, the linewidth
°T. Ando, S. Wakahara, and H. Akera, Phys. Rev4® 11 609 (FWHM) of Ey(I') increases from~20 to 35 meV as the ap-
(1989; 40, 11 619(1989. plied bias is increased from 1640 to 1730 mV. This reflects
19The conduction-band ellipsoids are characterized by transverse primarily the increase of Fermi energy of the emitter distribution
(myxy) and longitudinal (ny,) effective masses of 0.2§ and with applied bias. Similar effects are observed in the hot elec-
0.84m,, respectively. tron EL spectra observed for &ba, _,As direct gap tunneling
H. W. van Kesteren, E. C. Cosman, P. Dawson, K. J. Moore, and diodes, as discussed in Ref. 21.
C. T. Foxon, Phys. Rev. B9, 13 426(1989. 24The sharpening of the EL spectra at the transitiwg) from I'-T’
12p_Dawson, C. T. Foxon, and H. W. van Kesteren, Semicond. Sci. to I'-X-T transport arises since, beldy, electrons are injected
Technol.5, 54 (1990. into the collector from the emitter distribution, which has a large
133, Feldmann, J. Nunnenkamp, G. Peter, Eb&pJ. Kuhl, K. Fermi energy(~30-50 meV. AboveV,, electrons are injected
Ploog, P. Dawson, and C. T. Foxon, Phys. Rev4B 5809 from the X state in the barrier where the Fermi energy is ex-
(1990. pected to be much lowd<1 meV).
14H. Ohno, E. E. Mendez, and W. I. Wang, Appl. Phys. L&6B, 253, J. Finley, R. J. Teissier, M. S. Skolnick, J. W. Cockburn, R.
1793(1990. Grey, G. Hill, and M. A. Pate, Surf. ScB62, 197 (1996.

5For all samples investigated in the present work, FRE-T tun- 263, J. Finley, J. W. Cockburn, M. S. Skolnick, R. Grey, G. Hill, M.
neling current is dominated by electron transport with holes pro- ~ A. Pate, and R. Teissier, iRroceedings of the 23rd Interna-
viding a much smaller contribution. This arises as a consequence tional Conference on the Physics of Semiconductors, Berlin
of the much larger hole effective mass;{=0.34m) in GaAs 1996 edited by M. Scheffler and R. ZimmermafWworld Sci-
than for electronsr} =0.067m). entific, Singapore, 1996p. 2255.

18L. Eaves, G. A. Toombs, F. W. Sheard, C. A. Payling, M. L. ?’We calculateE(X,,— X,;) ~38.5 meV forV,,,= 1820 mV.
Leadbeater, E. S. Alves, T. Foster, P. E. Simmonds, M. Henini2®R. Teissier, J. W. Cockburn, P. D. Buckle, M. S. Skolnick, J. J.



10 628 J. J. FINLEYet al. PRB 58

Finley, R. Grey, G. Hill, and M. A. Pate, Phys. Rev5B, 4885 LO phonon emission. Such intersubband scattering by small

(19949. wave-vector phonons is expected to be very fast, proceeding
22W. P. Dumke, Phys. Re\l32, 1998(1963. over typical time scales of several hundred femtosecd/ds
30Since 7,0 is only weakly energy dependent f&>#%Q, o—see Ferreira and G. Bastard, Phys. Rev.4B, 1074 (1989]; By

W. Fawcett, A. D. Boardman, and S. Swain, J. Phys. Chem. contrast,X,,— X, inequivalent intervalley scattering requires

Solids 31, 1963(1970. the participation of large-wave-vector acoustic and optical

31For the 8-nm barrier sample, we calculate that the energy separa- phonons and is expected to take place over time scales longer
tion betweenX,, andX,; is 47-52 meV for the bias range over than a picoseconfiS. Zollner, S. Gopalan, and M. Cardona, J.
which excited state emission is observ&d80-1850 meYy Appl. Phys.68, 1682(1990]. Thus, electrons transferring into
This is very close to thd-point LO phonon energy in AlAs X, states are expected to remain in the longitudkatates until
enabling intersubband scattering to be mediated by zone center X-I' transfer occurs.



