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Anomalously large negative differential resistance due td'-X resonances
in type-1 GaAs/AlAs superlattices
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An anomalously large negative differential resistance was found in the photocurrent versus reverse bias
voltage characteristig$-V curve of a type-1 GaAs/AlAs superlattice. The scattering and trapping of electrons
betweenI" states in the GaAs quantum well axdstates in the AlAs barrier strongly affect the electron
transport, and establish many structures inlthé curve.[S0163-18207)05836-0

In recent years, functions of théstate have been actively quantum state resonances. Note that, even under an excita-
researched mainly for type-Il superlattiqi’s).! In type-ll  tion of only the 'y ground state using a 750-nm cw Ti-
SL’s, photogenerated electrons into fistate in a quantum sapphire laser, similar experimental results including those
well (QW) rapidly relax down into theX state in a barriet, ~ described below were observed. This supports the hypothesis
and stay there until radiative recombination having a longhat electrons initially in thé’; state, or rapidly relaxed into
lifetime, e.g., ofus order, occurs with spatial indirect holes I'1 from I'; under the HeNe laser excitation, cause the phe-
in the QW? Conversely, in the case of type-I SL’s, it has Nomena as their carrier transport proceeds. _ _
been believed that electrons staying in thetate are quickly N gelr;ergl, HFD formations depend on the carrier density
swept out to the electrode by an electric field viaFhetates. 1N SL's.” Figure 2 shows the evolution of thieV curves of
Although resonances between thend X states have been the sample under increasing optical excitation intensities.
observed in type-Il SL's by Meynadiast al,? and although Notg that the tr.ansmon from normatVv curves to those
there have been some experimental results on the effect gfe\vmg a HFD is s;range. Under low exutatl.on,. the/ .
the X state on carrier transport in SL’s or QW systehis® cur\-/eslsholw no waving feature nor anomaly. W.'th increasing
the effect ofl’- X resonances in type-l SL’s has not yet beengi(pcét?r:;zrr]kg]é%nzl% Ch)o \;Vﬁge;’gzglx C#LV:; ?ﬁgl\?atlfe;hbogy
F:Iarified. \{ery regently, we pointed out that a sufficient tweenB and C starts to shrink, and finall3;, it is packed at
influence in carrier transport can be caused by e

: 210 _ . around 11 V. Simultaneously, the plateau starting from 2 V
state even in type-I SL'5:1°To present further information, expands up to 10 V, and begins to contain a HFD formation

here we report an interesting phenomenon, i.e., an anoMgsa¢ is indicated by the ratchetlike current spikes. The above

lously large negative differential resistanéDR) and a  gyolution suggests that an obstruction in carrier transport ex-
high-field domain (HFD) formation ~which originate g5 around dip® andC under high carrier densities.

I'-X resonances in a type-l SL. Moreover, various anomalies ygyally when the carrier transport degrades, the remain-
in photocurren{P¢) versus reverse bias voltage characterisng carriers in SL's vanish through a radiative recombination
tics (I-V curve affected byl'-X resonances were also ob- yrocess. As shown in Fig. 3, the shape of the vertically in-
served. . . verted PL intensity curve versus the bias voltage from 0 to
A p-i-n diode structure having a nominally undoped SL 17 v, completely fits thd-V curve. This coincidence was
layer consisting of 100 periods of GaAs/AlAs, with GaAs 450 observed under various photoexcitation intensities
QW widths of 62 A and AlAs barrier widths of 34 A, with - greater than 0. This fact supports the assumption that the
50-nm A GgeAs undoped cladding layers on both 1, p|emission, which mearis, occupation, below 17 V is
SL sides, was grown on &l00-oriented n”-type GaAs  completely dominated by the quality of the carrier transport.

substrate by molecular-beam epitaxy. Other structures of; grdinary SL’s, the PL emission is quenched by an increase
the p-i-n diode were the same as that described in a

previous reporf. A 632.8-nm HeNe laser irradiated g0
the p-cap side of the sample in a cryostat. The estimatec
carrier density in the SL region per 1-mW HeNe laser exci- °°7
tation was approximately on the order of ¥@n?. All pho- <, |
toluminescencéPL) and |-V curve data were measured at =

20 K.

Figure 1 shows thé-V curve of the sample under 1- and
16-mW optical excitation intensity. There are some remark:
able things in the figure, i.e., a HFD formatidrt?from 1 to 100
5 or 6 V, an anomalously large current dip, and a NDR
region around 11 V, some structures in th& curve from AP RAREFARRANARE e 25 a0 as
15 to 30 V, and a sharp current increase above 30 V. As wil Reverse bias voltage (V)
be described below, sindg -I", resonance between adjacent  F|G. 1. Photocurrent-voltage characteristics of a sample under
QW’s occurs at a higher bias voltag25 V), the origins of  1-mwW cw HeNe laser optical excitation at 20 K. Inset: details of a
the HFD formation and the NDR should be deduced to othehigh-field domain formation under 16-mW excitation.
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in the bias voltage. However in this SL, the PL shows asecond-nearest-neighbor couplings forkheX,, resonances.
strong inverse quenching, and shows an even greater PL iff+his is because, as shown in the schematic energy-band dia-
tensity at 11 V than that under the flatband condition aroundyram in Fig. 4, when an electron tunnels through one barrier
a —1.5-V forward-bias voltage. This again supports the ex-and relaxes down to the nekt; state, anX,, state in the
istence of a strong obstruction fdt; carrier transport at neighboring barrier having a strong scattering cross selction
around 11 V, where a large NDR is observed. is thought to be able to still catch the electron. The above
To analyze the origin of the phenomenon, a band energyunneling capability of one barrier has been confirmed by PL
diagram of the SL as shown in Fig. 4 was used. In the calfrom I';-T', resonance in this sampleFrom Fig. 4, there
culation, the electron effective mass for GaAs and AlAs isexist several subband crossings between adjacent layers as
1.3mg and 1.Ing in the X, state, and 0.0668, and shown in Table I. The notations in the table assume carrier
0.1498n, in thel state, respectively. A 65% band offset was transport from the left state to the right state, because the
used to fit the experimental data. We assumed a 100-nhatter state has a lower-energy level than the former under the
expansion of the intrinsic layer due to the depletion of theelectric field.
p-i-n diode. We neglected higher subband states and state We disregarded the contribution of holes to the phenom-
crossings, where the existence of carriers is not expected

under our experimental condition. The calculaiéd ener- ~—
gies of the electron agreed well with the measured energie x2|
from Pc spectrdnot shown. It should be noted that thx a ____% =
state treated in our present work resulted from the quantize [T
tion of theX valley along the growth directiof®01], i.e., the
so-calledX, state which often couples with tHe state. Vb =7V Vb = 14V

Because the probability density of the wave function,
which leaks through remote barriers, becomes small in th B rien  X1+172)
barrier width (34 A), we consider only the first-nearest- | R2® ..t 2 eerT

. g 300
neighbor couplings fod",, states. However, we apply the /
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FIG. 4. Energy fan charts of calculated subbands of the sample
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as a function of the reverse bias voltage, and the schematic band

FIG. 3. Photocurrent and photoluminescefek) intensity of a  diagram. Energy zero means the conduction-band energy of bulk
I'1-hh, ground-state transition as a function of the reverse bias voltGaAs. The numbers in parentheses indicate the distance in units of
age under 3-mW cw HeNe laser excitation at 20 K. The PL inten-superlattice period from a particular quantum well indexed by 0.
sity is inverted, i.e., upset vertically, to allow a comparison of theFor exampleI',(1) means d ', eigenstate belonging to the first
shapes of both curves. neighboring wells.



6434 BRIEF REPORTS 56

TABLE |. Calculated resonance voltages. Because the oscillator strength of tg recombination
with holes in QW's is very weak due to spatial and momen-

State resonance Bias voltad¢)  tym indirect transitions, the PL emission from the above
X;(+0.5)=X,(— 0.5) 5 X1(+1/2)-T"5(0) resonance supports the assumption that a
,(0)=X,(— 1.5) 7 certain amount of carriers exist in th¥ state. This means
I'1(0)=X,(—1.5) 11 that a strond’-X scattering exists in type-l SL's, and indi-
X,(+0.5)-T,(0) 14 cates a trapping capability of the carriers into g, i.e.,
T;(0)=X,(—0.5) 21 obstruction in carrier transpolf. When anX,, state energy
Ty (+1)-T,(0) 25 position in an adjacent barrier comes close to, or goes lower
X4(+0.5)-T',(0) 30 than, that of thd"; state under an electric field, carriers will
I'1(0)=X,(—0.5) 36 be trapped into theX, state. Since the nonresonaXtI’

transfer, that is, the escape process from the trap, is consid-
ena in this paper owing to the followi First. si . erably slower than th€-X transfer due to a difference of the

In this paper owing 1o the Toliowing réasons. First, SImI'density of state between both statégapped carriers cannot
lar phenomena were also observed under 488-nm Ar laser

excitation. Because the penetration depth of the 488-nm Iigh(?a":’Ily escape from th, traps. In contrast to the above,

is very short from thep cap, e.g., less than 100 nm from the when ther.z state in the adjacent QW goes below g
top surface, holes are swept out quickly toward fheap state, carriers are able to escape throughxthel , transfer

almost without running through the SL; thus electrons domiPath’® In this case, the current output increases.
nate the carrier transport in the SL. Second, resonance volt- Considering all of this'-X transfers corresponding to
ages among the hole states cannot solve the phenomena. The=X1(—1.5) at aboti7 V andI';—X5(—1.5) at 11 V(cf.
voltages are 2.5 V for hHhy, 5 V for hh-hh, 9 V for ~ Fig. 4 and Table)lreduce the carrier transport. Because the
hhy-hhs, and 17 V for hh-hh,. Because all of these reso- overlap integral ofl’;—X; is greater than that of';—X;
nances promote the carrier transport, they cannot solve tféom the symmetry of the wave function,—X; at 11 V
strong obstruction in carrier transport shown in Figs. 1-3can capture the electron efficiently. Furthermore, trapped
Moreover, it is known that the HFD formation splits the PL €lectrons intoX; will relax down intoX;, notI';, because
spectra as previously reported for the electron statéhey have the same momentum and density of state. This will
resonance$’ If the HFD formation originated from the hole degrade the carrier transport even more. The large dip in the
resonances, another PL emission from a higher-energy trah=V curve around 11V, i.e., the rapid decrease in current,
sition, e.g.,I';-lh; PL, would be observed. However, we corresponds to the aboue,—X, resonance. A similar deg-
have not observed any such PL during the HFD formationradation in the carrier transport is also observed around 22 V
Although we observed a PL component at a corresponding) Fig. 1 due to thd™;—X;(—0.5) resonance.
wavelength of thd";-lh; transition, no correlation was found ~ After the abovel’;—X; resonance voltage at 11 V, when
between the PL intensity and the hole state resonances. If tige X,(+0.5)-I",(0) transfer properly operates, the carrier
domain formation originated from tHe, andX states, no PL  transport will be promoted through th&—I",—X; path. The
peak from theX states would be observed, and, thereforecurrent increase in thé-V curve from 12 V reflects this
this interpretation is more plausible than that from the holecircumstance. A similar condition is found above 30 V
resonances. Third, in general, holes hardly move due to thefraused by th&,(+0.5)-I",(0) transfer>*® and the current
heavy effective mas¥ and scarcely contribute photo- increases rapidly, as shown in Fig. 1. Another increase in the
current'® Holes may contribute current voltage characteris-current above 25 V can be easily identified as the-I',
tics only when other resonances of the electron states do negsonance. Although there isla (0)—X,(—0.5) resonance
exist’® However, when the drift speed of the electron isat 36 V, this resonance does not display its trapping ability,
faster than the hole, the nonuniform electric field caused byecause carriers that relax down into ¥westate fromX, are
the hole space charges will be masked by the electron moveapidly swept out via th&X;—I", path. Therefore, the carrier
ment. In this case, the hole space charges will merely scredransport sharply increased above 30 V and an avalanche
the entire electric field in the SL uniformly. Although some breakdown was observed at 37 V.
of the phenomena at lower voltages might be explained by The next feature to be analyzed is HFD formation below
the hole resonances, from the above consideration we eXd0 V. At lower voltages, there are two resonance voltages
plain the phenomena in this paper by electron state resdyaving an efficient carrier sweep-out rate; they Bre-T";
nances. LO-phonon-assisted tunneling near 1 V, afid- X, resonant

To confirm the energy levels of the states in Fig. 4, wetunneling around 5 V. These voltages agree well with the
observed a PL emission from a higHér subband resonating starting and end voltages of the HFD formation region in the
with lower-energy states. When th@ states resonate with |-V curve!® However, carrier occupation in th¢; state is
theI, state, trapped carriers in tig state can escape to the improbable, becauseé;(0)—-X,(—1.5) scattering cannot oc-
I', state, and can emit PL due to theX mixing® The  cur until 7 V. We solved this discrepancy with the following
sample in this paper is one of the same samples in Ref. diypothesis: After a higher-energy level in thg state is
Clear PL emissions fron';(+1)-I',(0) andX,(+1/2)— filled with a high density of carriers caused by a degraded
I',(0) resonances were observednd both PL intensities carrier transportl’;—X, scattering is probable below 7 V
were almost on the same order. The resonance voltages bécause of a filling to a highdr, state energy and because
the PL agree well with those in Table I, and support theof increased carrier scattering into a higbgrstate between
validity of our calculation shown in Fig. 4. thermalized hot carriers or by assistance of the LO
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phonon'®-2! Therefore, we identified the HFD formation by a LFD region may be established in the SL, since the current
I';—T'; tunneling in a low-field domaidLFD), andX;—X,  dip B stops the carriers and generates space charges. As
resonant tunneling in a HFD. shown in Fig. 2, at 30QsW excitation, two branche#1 and

The last remaining feature is the evolution of they A2, arise betweer\ and B. This implies the start of the
curve shown in Fig. 2. In general, the shape ofl avi curve ~ separation of LFD by";—T'; and HFD byX;—X,. Then, as
as a function of the excitation intensity is thought to be af-the carrier density is further increased, these two branches
fected by two factors: electric-field screening due to space@oW to an ordinary electric field domain which leads to

charge buildup, and changes in the carrier scattering or rd&ichetlike current spikes. The number of observed current
laxation rate due to state filing. However, the occupationSPikes of about 100, which coincides with the number of the
roL period, supports the assumption that a HFD formation is

Jalrly well established and the domain boundary moves ev-
ery SL period with an increase in the bias volta§&imul-
taneously, the right-side slope of brangB expands toward

a higher voltage. This is thought to arise from the increasing

which is also a function of the above factors. Therefore, th
relation is nonlinear for the excitation. We thought that the
key point is for the carrier density to flow in each transport
path, e.g.I'1-I";, X;—X,, etc. Assuming that each carrier

ol . carrier transport originating fronX;—X, nonresonant tun-
transport path has a limiting capacity to allow the flow of neling under high carrier densities. This evolution implies
carriers, or has a limit as to the number of carriers that ca g 9 X P

pass in a unit time, i.e., the inverse value of the transfer timghat th.e. tunnelmg betweeN states is promoted greatly as
through the path, the current under a high carrier density wiIPtate filling in the X _s;ates grows. -

saturate. Then a dip will appear in theV curve with an Note th_at the position of current d@ does not move so
increase in excitation, and the stopped carriers exceeding t uch. This means that the obstruction process caused by

flow capacity will establish an electric field screening that '1—X, scattering has a strong efficiency even when the car-
will change the inner electric field in the SL, i.e., a sort of rier density is high. Even when the carrier transport may be

electric-field domain formation will be established. dtoTin.at?ﬁ zybth?hgbov;i1—X2tttrqnsfert pat.h,(:ontcg thi,
The flow capacities of each carrier path should each hava.a '€ IS Tllled by 1~/ scattering at point, 1t 1S con-

a different nonlinearity as a function of the carrier density,s'dered that the carriers in thg state cannot enter into the

and thel -V characteristics should be modulated by the car-X2 state. This will inhibit theX, X, tunneling and cause a

rier densities. The evolution of theV curve in Fig. 2 is large dip, i.e., NDR’ in th¢'v curve, as shc_)wn_by the v
thought to show the above relation. As shown in Fig. p curves under high excitation above 3 mW in Figs. 1 and 2.

current peald corresponding to nonresonai{—I'; tunnel- In conclusion, we have observed an anomalously large

ing moves toward a lower voltage as the excitation carrietI\IDR andla_Hlij format|o|rt1 "]] atype-tl SL. Th?s?ﬂpbhen do)r(nena
density is increased. Simultaneously, currentBljpwvhich is were explained as a result of carrier transport amoag

thought to correspond to increasihig—X, scattering, moves states.
toward the higher voltage side. Therefore, when the bias The authors would like to thank H. Inomata for his con-
voltage is in the region betweehandB, a HFD region and stant encouragement.
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