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Two mechanisms of the negative-effective-mass instability in p-type
quantum well-based ballistic  p*pp*-diodes: Simulations with a load
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There exist two regimes of the negative-effective-nm&EsM) instability in ballisticp* pp* -diodes

with two-dimensional hole gas in thebase: the instability of homogeneous NEM-hole distribution

in a quasineutral plasma region, and the instability of a thin accumulation layer, which forms inside
a depletion region and contains NEM holes. Both instabilities lead to the development of terahertz
oscillatory regimes. The regimes’ simulation in the inductance-loaded diodes with base lengths
0.05-0.15um demonstrates that such loads substantially enlarge the voltage range of the second
regime and give rise to oscillatory regimes, which do not appear in unloaded diodes at all.
Efficiencies of different oscillatory regimes are estimated. 2@00 American Institute of Physics.
[S0003-695(00)00250-3

This letter is devoted to simulation of terahertz oscilla-saturation section of the unstable station&ry characteris-
tory regimes in ballistico* pp*-diodes with short-channel tic gives way to an increasing current branch. This section of
p-bases. We assume that these bases can be grown in k2 has no cleafdetermined in advangeupper voltage
form of narrow(8 nm widg p-type quantum well§p-QWs)  limit. It depends on the base lengththe load inductancg,
on (311 A—GaAs substratein the GaAs/AlGaAs systeyn  etc. As a rule oscillation frequencies in OR2 are noticeably
It is known, that suctp-QWs have extremely high values of higher than in OR1. Oscillation current amplitudes in OR2
low-temperature mobility for narrow wells anstype mate- ~ are also substantially larger than in OR1, if the OR2 section
rials (see Refs. 1 and 2 and also Ref. 3 as a reyidis IS Well developed.
allows us to plan sufficiently long mean free paths of holesin ~ Envelopes of oscillation portraits for the diode with
the bases. It is also knowrf;°that a hole dispersion relation !=0.08 um atL=0 and at six values of are presented in

€(p) (wherep is a momentumcontains a negative-effective- Fig. 2. We see that dl_=0 oscillations take place in a very
mass (NEM) section around some momentum valge short voltage interval in the current saturation secfitvat
=pc, for a ground quantization state in a symmepQw IS they are of ORI At L=0.005 pH cm, the voltage seg-
(see Fig. 1a), where a velocityo(p)=de(p)/dp is also Ment of oscillations extends, and beginning witk0.0095

shown. We assuméFig. 1(b)] that thep-GaAs QW chan- pHcm, it incIques some vqltage intervgl\éPVK, meaning _
nels form a periodic structuréwith space periods=0.04 W€ have_alsp mducgd os_C|IIat|on activity in OR2. The maxi-
um) enclosed betweep” -emitter (sourcé andp* -collector mal oscillation activity in OR2 occurs around=0.013
(drain contact planes, spatially distanced by a base length,
(I=0.15, 0.10, 0.08, 0.065, 0.060, and 0.Q5&). The non-
conducting AlAs barriers(containing acceptor sheets of
modulation doping isolate the channels from each other.
These diodes are electrically loaded with inductarnge
which varies in a range from 0 to several pH cm.

All of the simulated NEM diodes demonstrate terahertz @
oscillatory regimesORS. Such regimes are displayed for ;
diodes with|=0.15, 0.10, and 0.0&m atL=0. The diodes 2
with 1=<0.065 um need a certain minimal inductante,(l) s
to reveal ORs. These ORs can be substantially modified as a vy
result of L variations from O[or L,(1)] to some maximal v,
value Ly (1), when the oscillatory regime disappears en-
tirely. As itis first noted in Ref. 3, two different limiting ORs Vi
occur in ballistic NEM diodes. The first, OR1, takes place for

comparatively small voltages across a didaethe investi-
gated diodes~15-35 m\j. This segment corresponds to
unstable current saturation sectip¥ic ,V] in a stationary
J-V characteristidFig. 1(c)]. The second, OR2, occurs for gig. 1. (g The dispersion relatioa(p) and the velocity (p) =de(p)/dp

higher voltages >V, really V>35-40 m\} where the used for our simulation(b) Design of the simulated device celt) The
unstable stationary—V characteristic(1) the stable small current branch;
(2) the unstable current saturation secti®); the branch of increasing cur-
¥Electronic mail: zinovi@besm6.eng.wayne.edu rent (with the possible accumulation layer instability

current density (J) 0 PyP. P Py
momentum (p)
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FIG. 2. J-V characteristic and envelopes of current oscillation portraits for 0.01 0.02 0.03 0.04
1=0.08 um at different inductance loads (pH cm): (0) 0; (1) 0.005; (2) L (pH Cm)

0.0095;(3) 0.013;(4) 0.027;(5) 0.040;(6) 0.066. In the inset: oscillation

frequency ranges for the same cases 0-6. FIG. 3. Envelopes of current oscillation portraits for the same example as in
Fig. 2 atV=30 mV (a) andV=60 mV (b) for increasing with time (dotted
curves and decreasingsolid curve$ load inductanced (t). In inset(a)

pH cm. Further increases Inlead to some increase in OR1 snapshots of hole concentration distribution in the diode base=80 mv

: P and L=0.013 pH cm. In inse{b) the same atv=60 mV andL=0.013
and to fast suppression of OR2. Beginning witk0.040 pH cm. Asymmetry of the envelopes for small values of Ltifg) at V=30

p.H cm, incregse ih causes only gradual supp.rest'aion of 0S"mV is connected with substantial nonlinearity of current oscillations.
cillation activity up to its disappearance. Oscillation ampli-

tudes behave nonmonotonically with a monotonic increase in
L: they increase, reach maximal values, and collapse to zer@ifferent physical origin. OR1 forms as a result of the devel-
But rates of frequency and amplitude variations substantiallPPment and globalization of classic convective instaljility
differ for these ORs: OR2 reacts to inductance variation®ccurring in a quasineutral NEM-plasma region. The un-
with far greater rates than QR1. Oscillation amplitude instable solution of the corresponding stationary problem leads
OR2 and the voltage interval for this regime both increasd0 @ NEM-plasma region between a source-adjacent spatial-
very fast with an increase ih, and then quickly decrease. charge regiofSSCR and a drain-adjacent SCRSCR) in
Corresponding variations of oscillation amplitudes for QR1the voltage section\(c,V) in Fig. 1(c). The voltage part
are much slower. Continuous variations of oscillation activ-Vc drops across the SSCR, and the rést; V¢, drops
ity in the same diode at two voltage valu@é=30 and 60 across the DSCR<V). A global instability of this sta-
mV) induced by changind.(t) are depicted in Fig. 3. We tionary solution leads to the development of an oscillatory
observe pictures of primary development and subsequeri€gime. Nuclei of spatial charge waves appear in the SSCR
suppression of oscillatory activity both in the OR1 and in theand develop, shifting to the quasineutral region and trans-
OR?2 sections. Note that in Fig. 2 we operate with voltagedorming into dipole domaingwith an extended depletion
V(t), which only rise with time. All of the transitions from layer and a much narrower accumulation lay#x voltage,
nonoscillating states to ORs considered here are abrupthich drops across such domain, increases with the do-
(similar to the nonequilibrium phase transitions of the firstmain’s movement and development. Since this voltdgét)
kind). This means that we must obtain certain hysteretic phedepends on time, a remaining voltage across the SSCR,
nomena: othefsmalley values of critical voltage¥c  and ~ —Vp(t), also depends on time. Therefore, the height of the
inductancesL, (1) for back direction of variationa/(t)  effective “anode” determined by this voltage and an emitted
andL(t). We can observe such hysteretic phenomena in Figeurrent determined by this height also depend on time. Cur-
3, where envelopes of oscillation portraits are shown for botifent oscillations appear and initiate appearance of new
directions of thelL(t) variations. The hysteresis explains spatial-charge wave nuclei. In this scenario, the maximal de-
some contradictions between Figs. 2 and 3. In the shortestelopment of the above-described moving waves and do-
base diodesl&0.065 m) there are no oscillations &t=0. mains takes place on the right side of the base near the drain
They appear beginning with sontg,(1). The shorter diode [see inset(a in Fig. 3]. This scenario loses its vigor &
base is, the less OR2 is pronounced. As a result of disappearearingVy because then the structure of the unstable station-
ance of OR2 in the shortest base diodes, we cannot reacty solution changes substantially. &V such stationary
frequencies higher than 2.2—-2.3 THz for the considered disolution contains neither the quasineutral NEM-plasma re-
ode family. gion nor obviously pronounced DSCR. NEM holes are now
The two ORs demonstrating different behaviors dependfound only in an accumulation layer pulled into the SSCR.

ing on voltage and inductance load variations are of som&he latter becomes much wider because almost all the volt-
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ageV, which is now much higher thavi, drops across this 1(b)]: C= xpaldwl, and kp is a dielectric constant. If the
new SSCR(with the accumulation layer inside the SSICR diode is connected in series to active resistéRdaductance
The quasineutral regiofif existing) is now not occupied by L, and power supply with electromotive forté we obtain
NEM holes. Nevertheless, it turns out that the presence o¥=U—J(t)R—L(dJ/dt) and J(t)=Jc(t)—CR(dJ/dt)
the above-mentioned accumulation layeith its left slope  —CL(d?J/dt?). The described scheme is convenient be-
occupied by NEM holésis sufficient to induce a global in- cause only capacit and the convective current represent
stability and OR2 in the diode. But a route of spatial-chargethe diode. The latter must be homogeneously averaged for
waves is much shorter at OR2 than in the case of OR1. Thesay moment.
waves are now concentrated around the unstable stationary In conclusion, we have shown that the two limiting
position of the accumulation layer inside the SS(GBe inset mechanisms of NEM terahertz generation lead to substan-
(b) in Fig. 3]. With an increase in the voltagé this position tially different reactions to inductance loads. Such loads have
shifts to the source more and more. Such waves include a@ much greater influence on the higher-voltage OR2. Spe-
cumulation layers that are noticeably narrower than the uneially selected inductance loads allow oscillatory regimes in
stable stationary accumulation layer. They redistribute elecvery short base diode@vith | up to 0.05um and may be
tric fields in the entire SSCR and lead to oscillations of theshortej. For such short base lengths and for low tempera-
effective anode heightas above in case of ORBnd to tures 20 K), we can expect for realistic ballistic hole
source-emitted current oscillations. transport inp-type QWs grown o311)A—GaAs substrates

At least in the longer-base diodg$or example, at as well as in multilayer systems of these QWSs. Analogous
[=0.15 um), these oscillations of the spatial charge andexpectations can be related to multilayeX-GaAs/AlGaAs
emitted current induce two-stream oscillations in the drain-QW systems with an NEM-electron generation mechartism.
adjacent quasineutral section of the base. In contrast tdhe suggested NEM generators promise comparatively high
spatial-charge waves, the two-stream oscillations are almosificienciesin comparison with most other terahertz sources,
quasineutral. To clarify these oscillations we have considincluding both real and proposed ohes
ered differenip, cross sections of a hole distribution function
F(py,x,t) for p,=0. As it is known’"*°the two-stream in-
stability in ballistic diodes can itself lead to terahertz osci
latory regimegwithout any NEM dispersion It seems pos-
sible that the displayed two-stream oscillations gain OR2 i
the longer-base diodes.
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