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We present a model describing the basis for spontaneous pulsing behavior in a GaAs/AlAs quantum
well structure at 300 K. This model is based on the accumulation of space charge in the well due to
tunneling of electrons out of the well leading to a sharp increase in current and hence a pulse. The
basic concepts used in the model are verified by comparison with experimental data for a single
AlGaAs (or AlAs) barrier between two contacts. These structures will allow the use of neuron-like
pulsing phenomena in IR detectors, image processors, neural networks, artificial neurons, etc. at
much higher temperatures than the 10 K limit for pulsing observed in sifiebn diodes. © 1995
American Institute of Physics.

Spontaneous pulsing has been observed at cryogenaharge builds up in the input capacitor, electrons are injected
temperatures in circuits containing silicop-i-n diodes into the device at the load end. These electrons interact with
driven by a constant voltage soutcand a constant current the electrons in the well causing ionization in the well. This
sourcé The circuits display a rich spectrum of both basic leads to an increase in the electric field at the injection con-
physics phenomena and applications. These pulsing strutact causing an increased current that leads to a pulse. This
tures were used as long wave infrared detedtadsich do  discharges the input capacitor and charges the output capaci-
not need any preamplifiers. The similarity of these pulses taor. When this occurs the field at the input end of the device
the action potentials in biological neurons have led to neuroghanges sign causing electrons to be trapped and neutralizing
simulation, including the detection of transient optical sig-the charge in the well. The load capacitor then discharges
nals as in the case of the horseshoe cral’*®ecombining  through the load resistance, resetting the system for the next
two pulsing diode outputs through a filter circtifi single  pulse. Throughout the calculations we will useva 500 A
channel was formed to simulate a photoreceptor channel in @ide GaAs well and 697 meV highAE) AlAs barrier of
biological retina and, with suitable interconnections amonghijcknessh=1000 A.[See Fig. 18)]. The doping concentra-
channels, to function as a parallel processtr.addition to  tion in the well is 3.75 102 cm~2 and the contacts will be
these applications, interesting physics/nonlinear dynamics isfoped to 1x 10'® cm™~3. The circuit parameters will be input
sues have been studied including the observation of FareyapacitanceC=80 pF, load capacitanc€, =100 pF and
fractions! mode locking® transition to chao$. load resistanc®, =3 M.

The use of these applications wifhi-n diodes is lim- The calculations involved in this model can be broken

ited by cooling requirements due to the low temperature afjown into four parts that are then combined to obtain the
which the pulsing occuré<10 K). The extension of pulsing

to higher temperatures would lead to expanded possibilities
for the use of pulsing phenomena. Based on experience with

quantum well8*! and pulsing inp-i-n structure¥’ we are (a)

exploring the feasibility of increasing the temperature at W

which pulsing occuré® This will be accomplished by using AE b letp

the space charge in quantum wells, which is similar to the ailig

space charge in theregion of ap-i-n diode. A necessary

condition for pulsing s-type negative differential conductiv- AlAs GaAs

ity, has been observed in quantum well structures at room

temperaturé? This is a strong indicator that pulsing should PULSING SPIKETRAIN
be possible at higher temperatures using quantum wells. The INPUT DEVICE OUTPUT

leads to a large residual space charge reducing the effects of
impact ionization needed for pulsing. The larger binding en-
ergy available for electrons in the quantum well should re-
duce the thermal ionization effects permitting pulses to oc-
cur.
The structure proposed for spontaneous pulsing consisfdG. 1. (& The structure used in the model. The corresponding parameter

: . - values, well widthw, barrier widthb, and barrier heighAE are also shown.
of a smgle quantum WE|I5-dOped with silicon between (b) The complete circuit used in the analysis. The pulsing device is the

highly doped contacts as shown in Figajl The _StrUCture IS quantum well structureC is the input capacitor of 80 pR, andC, are the
driven by a constant current source as shown in Higl. As load resistor and load capacitor of 3(Mand 100 pF respectively.

O ] O
primary cause of the temperature limitfri-n diodes is the (b) i j — ' I ' r l
thermal ionization of the impurities. The increased ionization
I | T
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FIG. 2. (a) Injection current as a function of the field across the barrier

calculated at 300, 280, 260, 180 and 106 (i) Tunneling current as a FIG. 3. (a) The calculated output signal showing the spontaneous pulsing

function of the field in the barrier calculated at 300, 280 and 260 K. The Lo . .
lower temperatures used to compare with the single barrier structure are ng d(b) the ionization fracFlor(space charge in the welior a GaAs/AlAs
quantum well structure witv=500 A, b=1000 A, n,=1.0x10'® cm™3

calculated here since there is no well for ionization to occur in. The device ST T .

structure shown in Fig. 1 was used for these calculations. The structure i ;T—30(§),_ 280 anld 26\?\/& The [I)eak }n(;_omtz_atlonf at300K |n(rj1|cates a Slfafhe

the curve is due to oscillations in the transmission coefficient. charge driven puise. With no clear Indication o a space charge peak, the
pulse at 280 K is very weak, and at 260 K the structure is trying to pulse but
does not succeed in pulsing, producing a wide voltage glitch with time.

output pulse. The first part is to determine the fields at the

emitter and collector for a given bias and charge in the wellis the Fermi energy in the well and is the well width.
Second, the injected current is calculated as a function of thgecause the energy levels are now discrete the integral is
field at the emitter. Third, the impact ionization rate for elec-rgp|aced by the sum

trons in the well is found as a function of the current incident
on the well and the number of electrons in the well. Fourth,
the tunneling current for electrons out of the well is calcu-
lated. The results of these calculations are then combined
with the equations for charging the input and load capacitorgvhere there ar&l+1 levels in the well. The results for tun-

to produce a system of coupled differential equations that argeling current are shown in Fig(l9. Both the injection and
then integrated numerically to find the output pulse. tunneling currents show oscillations due to resonances in the

The fields at the emitter and collector are given by ~ transmission coefficient. .
The impact ionization current was calculated using the

N

j(tun):qi:Eo Nw(E)DT(E; ,F¢) 4

Vi-V, o method of Chuang and He$sawith tunneling of the excited
Fe= brw | 2e (1) electrons included. This involves integrating the probability
of both electrons escaping after a collision of a hot electron
Vi-V, o with a cold electron in the well over the distribution of elec-
Fe=obTw 26 (2)  trons. When this was done it was found that the effects of

impact ionization are negligible when compared to the tun-
neling component, so we omit them for the rest of the cal-
culation.

The input C) and load C,) capacitors obey the follow-
ing relationships

respectively, wher&/; andV_ are the input and load volt-
ages,b is the barrier widthw is the well width, o is the
surface charge density in the well aads the permittivity of
the well.

The injection current density;;) is calculated from the dv, 1-jA
. . |
following equation P )
j(ini):qfo N(Ex) T(Ex,Fe)dE () dvi = IA ! (6)

dt C_ RC,
whereq is the electron charge, is the number of electrons wherel is the driving currentA is the device areaC and
per unit area per unit energy per unit time incident onC, are the input and load capacitors aRd is the load re-
the barrier with energ¥, andT(E,,F¢) is the transmission sistor. The final equation needed is the rate of generation of

probability for the incident electrons with energ,  space charge in the well. This is just
and electric field F,. We have followed Gundlach

for T(E,,Fe). The incident electron distribution is simply _‘T:j . F.>0 @)
the standard Fermi distribution integrated over the direc-  dt (tun» ¢
tions parallel to the plane of the well givin .

p p g g‘c :_J(inj)a FC<0 (8)

=(4mmkT/h3)In(1+e5XT). The integration is then done
numerically and the results are shown for varying temperaThis system of equations can be integrated numerically with
tures in Fig. 2a). The tunneling currentEq. (4)] is calcu- V| being the output signal that would be measured experi-
lated using the same procedure except that the electron dimentally. For the parameters given at 300 K, a pulse is pro-
tribution is replaced by the corresponding distribution in theduced as seen in Fig. 3. As the temperature decreases the
well n,= (47mkT/h?w) VE;/2min(1+eE~E)KTy whereEr  pulse gets smaller and by 260 K the sharp pulse has dimin-
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level is~55 meV giving aAE of 145+ 25 meV as a reason-
able experimental value. The model results are in reasonable
agreement with the experimental data at both temperatures,
supporting the results of this calculations. The deviation at
low bias in the 106 K case may be due to the presence of an
assisting mechanism for the injection such as phonon as-
sisted tunneling which is not considered here. Since the tun-
neling current uses the same procedure this also provides
10 " 106 K evidence of its validity.
These structures may prove useful as IR detectors when
= AE operated at a reduced temperature. The rate of generation of
space charge is sensitive to the population distribution of
1978 ' | | | electrons in the well. Reducing the temperature reduces the
0 10 20 population in the higher energy levels that contribute to the
Bias (mV) tunneling, leading to reduced space charge generation rates.
This can preclude pulsing until the presence of IR radiation
FIG. 4. Experimental and modeling |-V curves for a single barrier structureincreases the population in the higher energy levels back to
shown in the inset. The design parameters wdre200 A and  that gt the spontaneous pulse operating temperature. Thus

n.=1.0x10'® cm™3. An Arrhenius plot, considering the Fermi level of 55 . T
meV, gives AE=145+25 meV. The parameters for the model were pulsing occurs only when IR radiation is incident on the

b=161 A, AE=200 meV anch,=8.6x 10" cm 3. The two sets of curves ~ Structure.

are for 180 K and 106 K. The light curve in each set is the experimental data  In conclusion, we have presented a model establishing

and the heavy curve is the model result. conditions for spontaneous pulsing in a GaAs/AlGaAs quan-
tum well structure at 300 K this pulse is the result of the

ished into a wide glitch with extra structure. This extra struc-accumulation of space charge in the well leading to an in-

ture is caused by the oscillations seen in the injection angrease in the output current. The model has been tested by

tunneling currents. Also shown is the fraction of the elec-comparison with experimental data from a single barrier

trons that have escaped from the well. At 300 K this alsostrycture confirming the basic features of the model.

shows a maximum indicating that the pulse is being driven  Thjs work was supported in part by the NSF under grant

by the space charge. At 280 K the space charge increases #9412248. The single barrier sample was grown at Cornell

a maximum at the pulse but there is no recombination indiby Dr. William Schaff and the sample processing was done at
cating that the transient associated with the input capacitorc.canada by Dr. H. C. Liu.

charging is now becoming importadlthough space charge
is also contributing At 260 K the space charge is now
reaching a steady state after the glitch indicating that it is not
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