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Chapter 4

AlAs/GaAs Double Barrier Resonant Tunneling Diodes

4.1 Introduction

The existence of d.megative resistance devicdeasbeenobserved since the
late 1950's inmany different structures or devicttsat utilized thin anodioxides
[Hic62], degenerately doped p-n junctions (tunnel diodes) HEsa58, and
heterojunction devices where quantum interference effectstibred (double barrier
resonant tunneling diodes arehl spacdransfer devices)TsE73 [HeM79 . The
negative differential resistan¢BlDR) in the |-V characteristics of these devices has
beenused inmany applications involving microwave/millemeteawe oscillators,
high speed logic devices and switches.

Of thesedevices,the double barrieresonant tunneling diod@BRTD) has
gained thanostattention in recenyears withthe improvements in moleculéeam
epitaxial (MBE)growth. Originally proposed by Tsu anHsaki [TsE73, the first
experimental observation of resonant tunneling in a double barrier structure occurred
in 1974 by ChangEsaki andTsu [ChE74 . It was onlyuntil 1983that significant
interest in theDBRTD occurredwhenthe first high frequency experimentsilizing
these structures was performed by Sollner and co-work&G83. Subsequently,

a flood of researchwas performed on theDBRTD ranging from fundamental
guantum transportheory, newmaterials andMBE growth related issues, high
frequency oscillator applications, logic and switching applications traed-terminal
resonant tunneling structureSgK85 [ReF89 [SOA88 [SeC83 [TaM8g [SeK92

High frequencyoscillations of up torl2 GHzhave beerobserved ininAs/AlSb
DBRTDs [BrS9] . Switching times as low as 2 picosecomdse been observed
using electro-optic sampling on AlAs/GaAs DBRTDgHM89 .

In this chapter, some of the basic principleshef DBRTDwill be presented.
The current MBE growth and fabrication procedures for the AIAs/GaAs DBRTDs and
QuantumWell Injection Transt (QWITT) diodes used in this researatill be
summarized. In addition, issues concerning barrier asymmetriks guantum well
of our DBRTDs andhow they affected the resultinDC-IV characteristics will be
addressed in Chapter 5. Comparisonthefexperimentalesults will be rade with
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device simulationdrom both a Schrédinger-Drift/diffusion modeM{l93] and a
Schrddinger-Poisson mod&b{il9]] .

4.2 Background Discussion for the AIAs/GaAs DBRTD

The concept ofresonant tunneling of electromsn be generalized in the
Kronig-Penney radel wherethe periodicsquare well potentials result in allowed
values of energy and forbidden gapsirergy. Inthese allowedands of energy,
there can beesonant transmission of electrons. Analogous strucareesealized
artificially with AIGaAs/GaAs superlattices grown by MBE whehe allowed values
of energy (minibandsyre dependent on the welidths andthe barrierheights. In
these structures, Tsu and Esaki proposed that the applicatiorelgctit field to the
structure would result ilMNDR. A typical AlAs/GaAs double barrier resonant
tunneling diode (DBRTD) isormed by sandwiching a GaAs quantum well between
two AlAs tunnel barriers as shown in Figure 4.1. Also see Fig@dor a nore in-
depth cross-sectional layer structure.
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Figure 4.1: lllustration of thel"-I' conduction band profile of gypical AlAs/GaAs
DBRTD, similar to thosggrown by MBE in this work. The conductiorband offset

between pjas andll gaasis= 1.04 eV.
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For the double barrieresonant tunneling diode (DBRTDhe phenomenon
of resonant transmission of electrons through the double bamarshot bantuitive
at first. In order tadescribe the nature oésonant tunneling through double barrier
structures, we firsexamine theransmission coefficient, giEz), as a function of

electron energy for a single barrier. Classically the transmissiefficientwould be
zero. Fromguantum mechanics, it is wethown that even if the electrohas an
energy lesshan the height of the potentia&rrier,there exits some probabilithat
the electron can tunnéiroughthe single barrier if it is thienough. Aplot of the
transmission coefficient versus energy is shown in Figure 4.2.
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Figure 4.2: Plots of the transmission coefficient versus electron energy for an
AlAs/GaAs single barrier structure and a double barrier structure. The barriers are
17A and the quantum well of the DBRTD is 50A. Plot courtesy of K.K. Gullapalli.
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For aDBRTD with barriers ofthe samehickness aghe singlebarrier, the total
transmission coefficient, 2B(Ez), for both barriersexhibits an interesting feature.
Tog(Ez) showsresonant peaks in its featurist are approximately equal tme at
lower energies thanglEz). The resonant peaks ithe transmissioncoefficient
versuselectron energy curve implpatwhen anelectron obtainghe energywhere
one of the resonant peaks exists, the probabilityhi@relectron to tunnehrough the
double barriers is approximatetne. The way in whichthe electronobtains this
energy in aractual DBRTD isthroughthe application of an electric fieldcross the
device. The kinetic energy can be expressed as follows,

e= 2l I i) =B+ K

™= (4.1)

where E(V) is thelongitudinal energy or energyarallel to currenflow, m* is the

h°k.

effective mass ané, = >
m

is thetransverse energyThe transmissiorcoefficient

is calculatedusingthe transfer-matrix method $§E73 [RIA84 . Subsequently, the
current density in the DBRTD can be determined from the Tsu-Esaki model as:

_emKkT ¢
= 27 | ol EIN(E:)OE, (4.2)

where N(E) is commonly called the "supply functiorGIR89 which is defined as;
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(4.3)
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Figure4.3 (a) showsthe various steps ithe operation of an AlGaAs/GaAs
DBRTD. Figure 4.3 (b) defines specific J-V parameters of interest for DBRTDs.
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Figure 4.3: (a) lllustrationdepicting the operation of an AlGaAs/GaBBRTD as a
voltage is applied to the device. Taken fr8wiiner,et.al.[S0G83. (b) Measured J-
V characteristics of an AlAs/GaABDBRTD with specific parameters of interest
highlighted: Peak voltage g, Valley voltage (V), Peak current densityy)J Valley

current density (J, AV = Vy, - Vp, andAJ = § - 1.
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The resonant peaks correspondthe energy levels of thguasi-bound states in the
guantum well when at thermal equilibrium whenthe device is notinder avoltage

bias. When a voltage bias is applied to the right side contact BBR&D shown in
Figure 4.3, the conduction band of the right side contact is pulled down, bringing the
first quasi-boundstate in the quantum well more in limeth the left side contact
Fermi level. Notdypically these contacts are degeneratidped and therefore the
Fermilevel isusually in or aboveahe conductiorband edge. Thuthe supply of
electrons in the lefside contact begin to tunné¢hroughthe doublebarriers and the
current in the |-V characteristincreases. Ashe voltage is increasddrther, the
electrons in the left hand side contact gain more energy and the supply of electrons on
the left hand side contact become lined up with the first quasi-bsiatedin thewvell.

This is the point at whickhe transmission probability is maximum and thesupply

of electrons is the greatefsir tunneling throughthe doublebarriers.  Thispoint
shows up as the peak curregt,ih the I-V characteristicsThe voltage atvhich the

Ip occurs is referred to as the peak voltage, Meally, this voltage is given as

v, 225 (4.4)
e

but in most actual devices there are lightly doped spacer layers near the quantum well
which result in voltagelrops on boththe accumulatednd depletedide ofthe well.

As the voltage is increased still further, the quasi-bound state is now pulled below the
Fermi level of the left hand side contact and the supply of electrons decreases. Thus a
drop inthe current in the |-V characteristicsssen which ighe well known NDR
phenomena we mentioned earlieFinally, asthe voltage is still increased even
further, the current is seen to risete 1-V characteristics.This rise is attributed to
thermionic emission over the barriers or Fowler-Nordheim type tunneling through the
upper corner of the barriers.

4.3 Simulations Used for Analyzing the DBRTD

With the simpleEsaki-Tsu model, predictions tfe peak currentlensity of
DBRTDs are possible, but to date accurate simulations of the I-V characteristics of the
DBRTD over its whole operating range have not been achieved. A step closer to
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those goals wasbtainedwhenthe space charge effects in DBRTWere takennto
account by using a self-consistent calculation that couples the Schrédinger equation in
the quantum well region to therift-diffusion equation inthe rest of the device
[Mil93] or the Schrddinger-Poisson adel [CaM87 [Gul92. Both the
Schrodinger/Drift-Diffusion models and tt@&chrodinger-Poisson modéisive been
used bythe author as a todbr designing and understandiogrtain DBRTD device
structures that will be discussed later. The main distinction between the
Schrédinger/Drift-Diffusion model and th8chrddinger-Poisson adel is that the
electric field is assumed to be constardgcross the quantum well in the
Schrodinger/Drift-Diffusion  model Nil93]. In the more commonlyused
Schrdodinger-Poisson model, the electric field is calculated at every point detice
structure. Accurate values fthre peak voltage can be predicted oaltehe external
parasitic andseries resistances frothe contactsvere taken into account in both
models. The Schrédinger-Poisson adel relies on the convergasdlutions of V(z),
W(kz,z), and n(z) in the following equationdir89] :

_h_;%% d_““((j‘;z’z) §+ V(2W(k,2) = EW(k,2) (4.5)

where ni is the position dependergffective mass, E is the longitudinal electron
energy, W(kz,z) is the electronwavefunction, andv(z) is the effective potential
energy which can be described as:

V(2) = —e@... (2) + Vi (2) + Vo (2) (4.6)

where@eledz) is the electrostatipotential, \i(z) is the effective potential energy due
to the heterojunctiomffset, and \(z) is the local exchange-correlation potential
energy BtS84 which is included in dew of the modelaused tosimulate DBRTDs
[GaD93 . The electrorconcentrationn(z), and thePoissonequation are given as
follows:

‘2

(4.7)

n(z) =25, f(kE (2))¥(k,2)
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d dcoecD
- de'z = -¢(N3(2) - n(2)) (4.8)

wheree(z) is the position dependerdielectricconstant, N*(z) is the ionizeddonor
concentration, and n(z) is the free electron concentration. Althihegbchrodinger-
Poisson model provides good quantitative results for the peak current densityd J
the peak voltage, ¥/ it does not provide a good iesate of the valleyoltage, \(, or
the valley currentlensity, §, and therefore the peak-to-valley curreatio, PVCR.
(See Figure 4.3 (b)) Many mechanisms which contribute tedley current are not
taken into account by the simpletsddinger-Drift/diffusion model or Schrddinger-
Poisson model.Some of these mechanisms include fat® roughnessscattering
[GuR89, I'-X mixing [MeW87 , and phonon-assisted tunnelirghiv89g .

Furthermore, the above mentioned coherent tunneling models dakadhto
account the energy loss mechanisms that occur in the depletedlagacer Without
including these energioss mechanismshere is agross underestimation of the
electron concentration in the depleted spacer layers and the magnitude of the space
charge resistance is underestimatedre@ent"hybrid" model hasbeenused totake
into account these enertyss mechanisms in whicthe coherent tunneling model is
used toaccountfor electron injectionfrom the double barrier structure and the
Boltzmann transport equation is used to account for the semiclassical dynamics which
occur in the depleted spacer layeuM91 . This hybrid model is useful in properly
accountingfor the space charge resistance in DBRWMdth long spaceftayers. It
should also bementioned that more advanced gliations of DBRTDs have been
implementedusing the quantum kinetiequations such athe Wigner distribution
function or the Lattice Wigner distribution functiddiN91] .

4.4 Coherent vs. Sequential Tunneling and Inelastic Tunneling
The Esaki-Tsu model described earlier is based on a coherent turnmetiet
which is analogous to the Fabry-Perot resonator. This model reliealcuating the
total transmission coefficient, 2g(Ez) of the whole structure. In1985, Luryi
proposed aralternativeviewpoint that explains the NDR phenomena DBRTDs
which has subsequently been termed "sequential tunneling” or "incoherent tunneling"”
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[Lur85] . From thisdifferent perspective, Luryproposedthat NDR could occur
without the resonant Fabry-Perot analogy, but rather from considering a step by step
procedure in whichthe electron carfirst tunnel fromthe emitting electrode to the
quasi-boundstate in the well andubsequently tunnel frotie quasi-boundstate to
the collectingelectrode. Thus, this two-step process wasven the name sequential
tunneling Lur85]. In theinterim, the electron can face many inelastic scattering
events which would cause it to lose its phase coher&vie¥ 37 [Kho9(J . Viewing

the tunnelingprocess ofthe DBRTD assequentialwas quite appealing to many
[WeV81, [Kho9(, [GoT89 because it allowed the inclusion of inelastic scattering
events and other interactions in the well rather tharsdheewhatidealistic view of
total elastic processes in the quantum well.

It was foundthatalthough the sequential tunneling model could incorporate
scattering events in theel, the calculated peasurrent densities werequivalent to
those calculated in the coherent tunneling moldebPQ,[[JoG9(. In addition, the
PVCRs determined from these models wesgll overpredictingthose measured
experimentally. In fact, witlthe more advanced physically-based quantamsport
models, the issue aloherent tunneling or sequential tunneling is a moot point since
these more advanced models are based on a many body particle point of view and not
a single particle point of viewMil91] .

Nonresonaninelastic tunneling in AlAs/GaAs DBRTDswst be takennto
account. Inelastic tunneling is named asich due tdunneling throughthe lower
lcaasXalas barrier due to variousnelastic scattering eventsuch as phonon
scattering, impurity scattering and arface roughnessscattering asshown by
Mendez and co-workers who examined the effects of hydrostatic pressine DG-

IV characteristics of AIAs/GaAs DBRTDs at 77KI¢C88 . Through the hydrostatic
pressure studies and by usithg valley current as a monitfwr inelastictunneling,
Mendezfound that thickerAlAs barriers exhibit moranelastic tunnelingwhereas
thinner AlAs barriers% 8ML) exhibit reduced inelastitunneling. Intuitively, one
may expect inelastic tunneling since theaasl alas discontinuity in the conduction
band is approximately.04 eVand thel gagasXalas discontinuity is approximately
0.19 eV as shown ifigure 4.4. Similar results were found by Kyono and co-
workers in whichthey studiedhe tunnelingprocesses iAIAs/GaAs single barrier
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structures as a function of barrier thickness and temperature. They distinguished the
temperature dependent inelastic curpardcesses frormon-temperature dependent
elastic tunnelingprocesses HyK89 . In this study, it was determined that
perpendicular transport through a 5 MIAs single barrierwas primarily I'gaas

alas elastic tunneling dominatdalit in an 11 MLAIAs single barrier the current
transport began teshow inelastic temperature dependent tunnelgffects. The
guestion though is whether or not th@selastic tunneling effects exhibit themselves

at some point in between 5 ML and 11 ML. Thesdastic tunneling effects in
AlAs/GaAs DBRTDs exhibit a temperature dependence and are a major cause of the
higher valley currents and the reduced PVCRs.
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Figure 4.4: Conduction band profiles of both fhpoint and X-pointminimums for
an AlAs/GaAs DBRTD. The offset values were taken from Liug§7].

4.5 The QWITT diode and the use of depleted spacer layers

The basic distinction between t@WITT diode and theDBRTD is the
addition of an undoped dightly doped GaAdayer downstream or othe collector
side of the AlAs/GaAs quantum &ll, as shown in Figuret.5. Although the
influence of space charge effects on Ei@-IV characteristics of DBRTDkas been
previously investigateddJaM87, the importance of space charge resistance and its
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impact on the high frequency performance of resonant tunneling strustasesade
apparent by Kesan, et ak¢N87 .

Electron energy

4

>

5000A 4x108cm3  GaAs
100A 6x137cm3  GaAs
100A 5x106cm3  GaAs

50A Undoped GaAs
17A Undoped AlAs
50A Undoped GaAs
17A Undoped AlAs

50A Undoped GaAs

2000A 5x136cm3 GaAs

n+ GaAs substrate

Figure 4.5: lllustration depicting thecross-sectional layer structure and conduction
band profile of a typical AIAs/GaAs QWITT. (Not drawn to scale.)
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Since a significant part of the voltagediopped acrosthe depleted spacéyers, it

is foundthat theNDR region is pushed out to higheoltages and also broadened
along the voltage axis. As a result, &\ can be increased througfie addition of a
lightly doped spacelayer after the quantum edl. From equation4.12, the r.f.
output power of suchdevices can beimproved. The normalized injection
conductanceg, is an importanparametefor small signal analysis and is defined as
follows [KeN8§ :

o U
wh8 E,H )

where | is the length of the quantum welbion, &w is the currentensity, \Gw is

the voltageacrossthe quantum will, Eqw is the electric fieldacrossthe quantum
well, and \; is the dcbias voltage. From thimjection conductancethe optimum
depleted spacer layer width, W, at a given frequency can be determined as well as the
specific negative resistance of tlevice. Unfortunately,extracting the J-E
characteristics from the measu@@-1V characteristics can beery difficult because

it requires an exact knowledge of parameters such as spmxifiEct resistance of the
device beingmeasured,the doping concentration inall the epi-layers, and the
thickness of all the epi-layer®ue to realities of MBEgrowth and fabricationgven

at their level of sophisticatiowherelayer thicknesses and doping concentrations are
now controlled very ell, there isalways someuncertainties in the parameters
mentioned above which may result in deviations in the extraction of parasetérs
as the injection conductance of the quantugll.w In addition,the gjn;. is highly
dependent on the quantum well structure andré¢teted materiabystem. The two
most important parametefsr o are theAJ and theAV and the quantum well
structure should be designed accordingly and not be based justoptiranm peak-
to-valley current ratigPVCR). A comparison of J-V characteristics between an
AlAs/GaAs DBRTD and AlAs/GaAs QWITT with the same quantum well structure is
shown in Figure 4.6.
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Figure 4.6: Masured J-V characteristider an AlAs/GaAs DBRTD and an
AlAs/GaAs QWITT with the same quantum weftructure. The quantum well
consists of 17A AlAs barriers, a 50A GaAs well andogp= 0.3 (1Q-cm).

Since it is not the purpose of this research to investigatefthaspects of the
QWITT and the DBRTD, the reader shall be referred to the appropriate references
[KeN8g. A few points should be adefor completeness about the basic premise
and usefulness of the QWITT structure. When the QWITT structure is biased into the
NDR regime, the electric fields in the drift region are typically in186 KV/cm?2 to
300 KV/cn? range and it is assumed that the electrons traverse the drift regfier at
saturation velocity. Inhe majority of the calculationssed inthe analysis of these
devices the saturatiorvelocity, v, used is 6x1®9cm/sec. Once theoptimum drift
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region lengthhas been found, combined withthe injection conductance of the
quantum well, the r.f. characteristics of the device can peedicted. The two
frequency regimes under whithe QWITT operation can be described ase> [o|/e
andw< |o|/e. The frequenciethatour group ha®een able tavork with have been
atw< |o|/e and therefore the overall specific negative resistance @A T can be
expressed aKeN8g:

W WA

RO—+
g 28V,

(4.10)

where W isthe drift regionlength, € is the dielectricconstant of theGaAs drift
region, and \ is the saturatiovelocity. The first term in the aboveexpression
representghe space charge resistance associatitll the quantum well injector
coupled to the drift regionsingthe assumption of a constant saturatetbcity and

the second term in the above expression reprei@tspace charge resistance of the
depleted drift region which is always positive. Note here that it is important to design
the drift region length andoping concentratiorsuchthat the driftregion is almost

fully depletedwhenthe QWITT isunder bias; otherwise any undepleted drift region
will contribute a positive series resistancetlie overall specific resistance of the
device. Typically one must also take into account the specific contact resistance of the
contacts if the specific contact resistance is mhbiher than 5x1€¢ Q-cn?.
Therefore, in order to aximize ther.f. characteristics of th@WITT structure,
several important structural considerations must be taken into acatintas the
depleted drift regionlength, the quantum well structuratlesign for raximum
injection conductance, andninimization of contactresistances. The maximum
frequency at which amptimized QWITT can oscillate in a circuit igiven by
[KeN89,

1 | v
fro =—. | S (4.11)
47-[\“‘ E(F\):ont + ARircuit)
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where Ront IS the contactesistance, Rrcuit IS the resistance of the extereakuit,
and A is the device area. As well as beabie to predict the maximuifrequency at
which these devicesanoperate, it is also useful &pproximate the maximumf.
power that these devices cateliver. Fromthe tunnel diode literatureK[B61]
[StN6] , the maximunr.f. output power igletermined by treating the current as a
cubic polynomial of the voltage and is expressed as:

P =S AV XAl (4.12)
16

Experimentally, it has beeshownthat equatiort.12 seems to underpreditite total
output power of some dhe QWITT diodes andhat the time averaggmbwer, R
calculated using a quasi-static method appears tobgtterresults ReT90A . One
reasonthat the quasi-statipower calculation may compare betteith experimental
data is the fact that the voltageing isnot restricted tdie within the boundaries of
the peak and valley voltage and may extemtlside theseegions. The highest
oscillation frequency obtained so far onD8RTD structure is 712GHz in an
InAs/AISb DBRTD mounted in rectangular waveguide resonaBnSP1. Here it
should benoted that the injection conductance of DBRTD in the InAs/AISb is
much higher than the AlAs/GaAsystem and therefor allows a higher cutoff
frequency.

4.6 Temperature Dependence of AlAs/GaAs DBRTDs and QWITTs

The impact of temperature on the DC-IV characteristics of AlAs/GaAs or
AlGaAs/GaAs DBRTDsasbeen examined experimentaliyth varying degrees of
agreement Hul87] [vaL89 [ShX9] . It is well known that the quantum
interference effectsobserved in DBRTDs become morepronounced at low
temperatures as thermionbased current andhelastic tunneling mechanisms are
reduced. These mechanisms exhibit their influence primarily in the vatlayent.
Thus, an obviougharacteristic in the DC-IV characteristics ofDBRTD as the
temperature rises is a corresponding risth@évalleycurrent. Experimentally, other
researchgroups have observedthe peak current to increase and decrease as the
temperature of the device iacreased. These discrepancieay be due to the
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guantum well structuregsed ineachstudy Hul87],[VaL89,[ShX9]. The peak
voltages are@bserved talecrease slightly with increaseemperature and the valley
voltages areobserved todecrease to an even greater extewnth increasing
temperature. The significant decrease in the valley voltagle tenperature
corresponds tothe increasing thermionibased currentghat also occur with
temperature. In order to predict the peak current densibyvaiemperature, one can
usethe following expression fronthe Tsu-Esaki mdel which expressespdin the

limit as T approaches 0 K§E73:

_em _
J= W‘!Tzs(g)(Ef EZ)dEZ V=E; (4.13)

Oem E -V E,
3= Eg%%’fo To(E)E + [ (E - Q)TZB(EZ)dQE V<E, (4.14)

Temperature dependent measurements have also been taken on the AlAs/GaAs
DBRTD and AlAs/GaAsQWITT structuresfabricated byour group using a two-
probe MMR low-temperature probe statiothat allows one totake DC-IV
measurements of devicelown to 77K. Thislow-temperature systemtilizes a
refrigerator based othe Joule-Thompsorffect and therefore the refrigerator itself
must be enclosed in vacuum as it is cootgmvn to 77K in order toavoid
condensation. The temperature is monitored with a silicon diodéhargample can
be heated with a resistance healdMR84 . Thegas used ithe Joule-Thompson
refrigerator is nitrogen which is fed intbe refrigerator by a capillary aressures
ranging from 1500 psi to 18Q8si. Inactualpractice, itwas foundthat thesystem
could only be brought down to about 80K and held there for about 30 minutes before
the temperaturgvould startrising. Another limitation that made ery difficult to
take many measurements on the DBRT2s the fact that the microscopesed for
viewing the device under vacuum through a viewport had limited magnification which
made it extremely difficult to see th@fd to 15um pads of oudevices and to probe
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them repeatably. Nevertheless, a femeasurements were taken égamine the
change in DC-IV characteristics at low temperatures, but no systematic study could be
attempted. In Figuret.7, aplot of the valley current and thBVCR versus
temperature are given for an AlGaAs/GaAs DBR{N® publications could béound

on the systematic variation of the temperature of AlAs/GaAs DBRTDs).

Figure 4.7: Variation of valley currentand PVCR versus temperature for
AlGaAs/GaAs DBRTDs. Taken fronviL89.

4.7 MBE Growth of AlAs/GaAs DBRTDs and QWITTs

The first use of MBE to grow the layer structures AGaAs/GaAs DBRTDs
was firstperformed byChang, Esakiand Tsu in 1974G@hE74. Since thattime,
improvements inmaterial quality, materials characterization, and epitaxggibwth
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techniques have led to continued improvements in the peak-to-valley current ratio
(PVCR), precise control over barrier and wilicknessesand control over doping
profiles. The substrate preparation and system descrigioonVBE growth in the
Varian Gen Il have already been discussed in Chapter 2. In this séuti@pecifics
related to growth of the AIAs/GaAs DBRTDs will be discussed.

Specific to theMBE growth of DBRTDs is the accurate determination of the
AlAs and GaAs growthlates byRHEED. Aswill be discussedater in Chapter 5,
any variation in the barrier thickness of DBRTD canresult indramaticchanges in
the current density of the device as well asdfyg. In addition, anyariation in the
quantum well width will result in different pealoltages. Therefore, in order to be
able to repeatablperform MBE growth of DBRTD structures, growthiates were
determined both before and after evdMBE run. Especially assource material
begins todeplete in their respectiveffusion cells,the growth rates can fluctuate
significantly over a couple of hours.

The beam equivalemressure othe A3 cracker is set to obtain thgroper
As/Ga incorporation ratio of 1.5-1.7 for a growthate of 1ML/sec.. The native
oxide is usually desorbed at raised substratgpaemures ok 660°C under an As
overpressure. For the device structures grown in this reséiaechlAs growth rate
wastypically kept at0.25 ML/sec or0.3 ML/sec and theGaAs growthrate for the
guantum well andll spacer layersvas kept at0.4 ML/sec. The GaAs growthrate
for all other layers outside dghe quantum well and spacer layevas 1.0 M./sec.
Typical growth temperatures were 800 CAR rotation is kept at 5 rpauring the
whole growth cycle. The quantum webnsists of &0A nominallyundoped GaAs
quantum well surrounded by 17A AlAs barriers. The three-step spacer layers consist
of a 50A nominallyundoped GaAs layer, H00A GaAs layer n-typeloped at 5 x
106cnr3, and a 100A GaAs layer n-tymoped at 6 x 1¥cnr3. The growth
interrupts at each interface inside or adjacent to the quantum well was 4 seconds. The
growth interruption during each change in Si doping setpoints usually required about
10 minutesfor the Sieffusion cell to stabilize. This structure is referred to as a
"baseline” structure since it is theost commonlyused structure in oUAIAs/GaAs
DBRTDs andQWITTs. A typical cross-section of a baselidAs/GaAs DBRTD
grown in this research is shown in Figure 4.8.
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Growth Interruption Schedule
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100A 5x106cm3 GaAs 600 seconds®- o0
50A Undoped GaAs 4 seconds®S 2
17A Undoped AAs | T 4 secondse-2 ¢
50A Undoped GaAs < 4 Seconds<—§ ;_é_
17A Undoped AlAs < 4 Secondsd—g §
50A Undoped GaAs - 4 secondseH % 2

100A 5x105cm2  Gahs | 4 seconds®3

600 seconds€-
600 seconds

100A 6x137cm3  GaAs
5000A 4x108cm3  GaAs

n+ GaAs substrate Temperature of substrate
~2-4x 168 cm3 during growth is 606C

Figure 4.8: Cross-sectional layer structure for a "baseline” AIAs/GaAs DBRTD and
the growth interrupts associated with the MBE growth of the device.

4.8 Formation of Ohmic Contacts and Fabrication Issues

The impact and influence of the specific contact resistipgyon thed.c. and
r.f. performance of doublkarrier resonant tunneling diodes (DBRTDssbeen an
important area of concern otir group duringhe initial development of th@WITT
and DBRTD structures. The specific contact resistivity can be defined as:

N
9]

(Q-cm) (4.14)

cont

Pe

Since the typical device sizes werk with are on theorder of 100um2, we need a
fairly low specific contact resistivity to reduce the ovewsaries resistance in the
device. There are many definitions for an ohmic contact such as: 1) that the I-V curve
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is linear through the origin 2) that the contacts are not injecting ahdt3he contact
resistance is small compared to the device resist#hG8§. High seriegesistance
effects can degrade the overall r.f. output power by a concurrent dropAN' tfé, -
Vy), as seen in equation 4.12. In additite maximum oscillatofrequency, fhax

of the DBRTD isinversely proportional on theontact series resistance in the
structures as shown in Equation 4.11. The effects of gogighn be seen by adding
its series resistance to the actual J-V characteristics of a sta#idaf@aAs QWITT
diode. Values of 10, 20Q, and 3@ (1x10° Q-cm?, 2x105 Q-cm? and 3x16P Q-
cm?, which can actually occur in a poor process) were added tevtluharacteristics
of an AlAs/GaAs QWITT diode, as shown in Figure 4.9.

0.030 3 ; 3
Increasmg series resistance
causes Vp to move out

0.025 - faster than Vv

8 Baseline
A 10 ohms

0.020 -

O 20 ohms

0.015

Current (A)

0.010 T

30 ohms

Voltage (V)

Figure 4.9: Impact of series resistance on the |-V characteristics of an AIAs/GaAs
QWITT diode with additional series resistances d2,120Q and 3@ added to the I-
V curves. Note thakV decreases with increasing series resistance.



65

Two significant problemshat plagued the.f. performance of theQWITT and
DBRTD oscillators were high specificontact resistivity @-cm?) and poorcontact
adhesion tahe substrate. Various metallizationschemes and surface preparations
were used tamprove thesdwo parameters. In this section, ohneigntacts to
GaAs, specific contact resistivity extraction issues, and fabricedlatedissueswill

be discussed.

It is well known that in GaAs the Fermi level is pinned approximdi€ely0.9
eV belowthe conductiorband as result of ietface state formation or the effective
workfunction of microscopic clusters ofikide/metalphases \VoF8] . Gold, for
example, has been observed to have a Schottky barrier he@B8oéV on a 100 n-
type GaAs surfaceRhW8§. The source ofhese interface states have been heavily
investigated with many theories as to their origin a&fi@ct on ohmic contacts
[WoF81. The result of Fermlievel pinning in GaAs results in a Schottky barrier
when an unalloyed contact is formed on @@As. The two mostcommon methods
to obtain an ohmic contact are to thin the barsiechthat the electrons can tunnel
through the barrier or lowehe barriersuchthat the electrons camaverse themetal
semiconductor interface unimpeded. Thus, a way must be foumebitb thermionic
emission over this Schottky barrier and tunnel through the barrier eithieeroyionic
field emission or field emission. Thermionic field emission occurs wihenarriers,
in our case electrons for metal-n+ contacts, acquire enough energghauttrey can
tunnel throughthe top of theSchottky barrier. #ld emission occursvhen the
electrons can tunng¢hroughthe Schottky barrier which usually is very thin through
the use of adegeneratelydoped n+ GaAs layer. Botthermionic emission and
thermionic field emission are temperature dependent. In fact, for metals on heavily n-
type doped GaAs materighe depletion regiomloes notextend fully into the n+
doped layer, thusllowing electrons to tunnel throughe barrier. In ouractual
contacts,the specific contact resistivitywas quite high when the contacts were
unannealed. Therefore we had what could be referred tpoas” ohmic contacts
and/or "leaky" Schottky diodes. In order to improve the speaiitact resistivity of
these"poor” ohmiccontacts on heavily n-typdoped GaAs layers, work héeen
performed investigating surface preparation, metallization techniques, alloying
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recipes, andMBE growth conditions for some diie delta-doped and indiutmased
nonalloyed contacts. In additiothe contact resistance measurements and their
limitations will be discussed.

The two most common alloyed ohmic contact metallurgies to n+ @eAthe
AuGe/Ni system anthe PdGe system.Germanium is the preferred n-type dopant
over tin because itloes not diffuse as fast BaAs. The AuGe/Nisystem was
originally developed ir1967 by Braslau, Gunand StaplesHrG67] and hasbeen
investigated veryheavily, even up to thepresent. The standard Au-Geeutectic
specified is88% Au and 12% Ge bweight. The use of Ni and its purposeave
changed since itmitial use in such contacts. e®ral studies have investigated in-
depth the mechanisms that ocethhenthe AuGe/Nisystem isalloyed and variations
of the metallization scheme to achievéoaer specificcontact resistivity BrP87]
[KuB83 . The number ofarious metallizationschemes or "recipeghat can be
cited in the literature is almost endless, thus indicating that there is not a set procedure
in making AuGe/Ni contactsdga8Q [CaP83 [MuC8q . Insteadthe number of
recipes mostikely can find their origin based orthe type ofsurface preparation,
vacuum/evaporator setup and souncaterial purity that was implemented. Many
factors must be taken into accouwhen deciding upon the layers andlayer
thicknesses to be used in a AuGe/Ni contact sclermle as ohmicontactadhesion,
equipment capabilities (two or three evaporasonrces)specific contactesistivity,
sheet resistance of the final alloyed metallizatishetherthe contact metallization
will be patterned by lift off or by etching, and will the contact metallizatiomde= as
an etch mask during mesa isolation.

The original contact metallizationsed onthe AlAs/GaAs DBRTD and
QWITT structures consisted of approximately 800A-1000A of Au-12% Ge and 200A
of Ni. A typical surface preparation befotbe evaporatiorconsisted ofthe 2:1
HCI:DI-H20 etchfor 30 seconds. The metal evaporationwas performed in a
standardbell jar evaporator,named "Philvac", utilizing a rough pump, Varian
coldtrap anddiffusion pump. Typical base pressures of 3x$®x106 Torr were
achieved inthis system. The alloying of these contactgas performed in a rapid
thermal annealer (RTA) a50 °C for 30 seconds in formingas. This contact
metallization resulted in poor contact adhesion in both the metallizatioff lifrocess
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and the metallization etch process that was used in fabricatmQWITT diodes and
DBRTDs. In additionthe metallization schemeasedabove resulted irpoor and
highly unrepeatable specific contact resistivities in the range of &Qt0m? - 5x10

5 Q-cn?. Possible causes dhe poor quality of these contacts arexygen
contamination of the Gduring thermal evaporationising alumina coatedungsten
boats MoT89 , the high base pressure in our bell jar evaporator, or lkelst poor
formation of a NtGeAs alloy at the metal-semiconductor interface. With this specific
AuGe/Ni contactmetallization scheme, it wasapparent thatonsistent,repeatable
results were noaible to beachieved. As statednany different mechanisms have
beenproposed duringlloying of the AuGe/Nicontacts. Some dhe mechanisms
that appear to be common among those proposeB&87 [ChL9],and [KuB83:

In the early stages of alloying (300 °C) the Ge and Ni diffusbeaontactnterface.
Ga is found taaccumulatavherethe Au is and As accumulates in the regwimere
the Ni islocated. = Thus twa@oncurrent reactions hawmeitially occurred: Au +
GaAs[] AuGa + As and Ni + Ad] NiAs. The NiAs formation atthe interface is
critical for the subsequent formation of the@eAs phase which providélse ohmic
contact. Inthe laterstages of alloying400 °C), the temperature is well above the
AuGe eutectic temperature 866 °C andcontinued movement of Ni and Ge to the
NiAs interfaceoccurs. It isthe formation of the NiGeAs phaseahat apparently
provides the low specific contact resistivities. Thus the goal is tatmeppropriate
metallization scheme tharoducesthe NbGeAs phase irarge percentages at the
interface andeproducibly. The remaining Ni on the topelps preventhe Au from
balling up during the latter stages of the alloy cycle.

A new metallization schemehosen to obtain improved specifaontact
resistivities repeatablwas= 15A Ni, 800A-1000A AuGe ane¢ 150A Ni. In the
metallization lift off process, which is currently used more often sinicasittwo less
etchstepsthan the metallization etgprocess, @:1 HCI:DI-HO etch isused as a
surface preparation to remove surfacgdes. The first layer Ni isused tomprove
contact adhesiorMuC84q to the GaAs as well as aid in the formation of theGdAS
phase. The top layer Ni, again, aids in the prevention of excessiballfag during
the alloy. A typical SEM micrograph of the Ni/AuGe/Ni contact after alloghiswn
in Figure 4.10.
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@813 25KV %13.888  1Mn WB23

Figure 4.10: SEM micrograph showing an alloyed Ni/AuGe/Ni ohrorgtact on top
of a mesa isolated AlAs/GaAs DBRTD. Tlusntactwas nadeusing ametallization
lift off process where AZ1350J-SF photoresist is usedefme and liftoff the
contact pattern. Note the metal flags at the edge ah#tallizationdue to thdift off

procedure.

With this metallization we observed lower specific contact resistivities in the range of
7x107 Q-cn? to 4x106 Q-cnm.
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The specific contact resistivitiesere determinedhrough the use of Cox-
Strack test structure€pS6T as shown in Figure 4.11.

R B r/l"”] m
;;;;;;;;;;;;;;;;;;;;;;;; P

Repi —» n- GaAs epi-layer

n+ GaAs substrate

Indium Backside Ohmic Contact

Figure 4.11: Schematicdrawing of Cox-Strack structures used ¢atract the
specific contact resistivity of the ohmic contact metallization

In this measurement scheme, specific contact resistivities are extractedeaatmic

contacts on thin epitaxidhyers of acertaindoping concentration(resistivity). The
total measured resistance, Rf these structures can be broken up v@gous terms

as follows:

R =R +Ry +Ra(0) @15

R=-—"F— (q) (4.16)
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=Py a4 d Q (4.17)
Ro o Sld/TD (Q)

i 1]

where R is the total measuregksistance, Ris the contactesistance, Ejis the
spreading resistance throutte epi-layer, Ryt is the externatesistances ithe test
setup pc is the specificontactresistivity, pepi is the resistivity of thepi-layer, and
tepiis the thickness of the epi-layer. The above resistance tammise separated out
by measuring the total resistance of contacts of diffetiameters. Although these
test structures result in largerrorsthan othermethods,the Cox-Strack structures
allow for quick and simple measurements and lzased on perpendicular current
transport througtthe epi-film as isalso done on outwo-terminal DBRTD and
QWITT structures. The contact sizbat aremeasured in this technique must be as
small as possible in order to reduce the error that occurs in measuringctartpats.
The typical contact diameters measured aren46um, 8um, 1Qum, 1Zum and
14um. To reduceerror, the device area of every tedtucture is measured with an
HMOS optical measurement tool Since the doping concentratiomoisn qute well
through C-V and Hall measurements, the resistiwétly be determinefiom tables in
any text.

Although the Ni/AuGe/Nimetallization provided a low specific contact
resistivity and was repeatabtbere wergwo problems with thisnetallization. The
first problemwas related to the fact that the metallizatididl notact as agood etch
mask inthe "lift off" process when esa etchingour device structures with any
peroxide based etchant such as 8:13%®):H,0:H20o. In fact, most of thetchants
used for mesa isolation of our diodes appeared to attack the top layer Nsecbmel
problem is seen in the fact that the Ni/AuGe/Ni alloyeetallizationhas afairly high
sheet resistance in the range of2&square Wil90] . The sheet resistance of the
metallization is not negligible compared to the interfacial sheet resistance or the sheet
resistance of the degeneratalpped GaAs semiconductdayer underneath the
metallization. Thus probing thigype of metallization willresult in irreproducible
results sincehere is a resistivdrop acrosshe pads. Sinceour tungsten probe tip
diameters are on the order of @n8-1.2um, probing largepadswill result in larger
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ohmic resistancacrossthe pad. This additionalexternalseries resistance on our
largerpads whichrange 20um to 50um diameteresulted in reducedV's in our
DBRTDs andQWITT structures. Thereforalthough the Ni/AuGe/Nmetallization
provided a low specific contact resistivity it had a high sheet resistance which resulted
in series resistance losses in our DBRTDs with larger pads.

In order tocircumvent the above mentionpdoblems, @000A layer of Au
was used to cap the standard Ni/AuGatiditallization to reduces sheet resistance.
The concern heravas to nake surethe Au cap layer did not degrade the specific
contact resistivity. Our results showed no degradatipg when a Au cap layer was
used with similar conclusions stated by oth@isl{9] [Wil90]. In addition,the Au
cap layer was ideal for an etch mask during mesa etching of our diodes.

Other types of ohmic contact schemes have been reported in the literature with
the In-based non-alloyedontacts and thé#dGe contacts as thenost prominent.
These metallizations have beeyoked at with respect tthe processes used in
Epitaxial Lift Off, which has been described in Chapters 3 and 6.

With the metallization patterformed on top of the layestructures for the
AlAs/GaAs DBRTDs orQWITTSs, they aresubsequently mounted aoglass cover
slips with clear glycophalatevax and nesa etched in 8:1:14304:H202:H>0O. The
cover slips protect the In backside ohmic contaetallizationfrom the etchant. Etch
ratesfor all these peroxide based etchesedare not tabulated ithis work. It is
strongly suggestethat etch calibratiosamples be adeand used in cobination
with an Alpha-step profilometer before committing a device sample &icén After
the mesas are etched to thesired depththe samplesare removedrom the cover
slips and rinsed in acetone, ethanol, and BODH Thesamplesare finally alloyed at
450°C for 30 seconds in a rapid thermal annealer (RTA). The devices areusisigd
a Keithley230 programmable voltagsource and a Keithley 195digital multimeter
controlled by an IBM PC-AT.Once theraw |-V datahasbeen collected, theontact
sizes ofthe devicesunder testare measuredsing anHMOS optical measurement
tool. Typical sizes range fromn to 45um. To extract the parameters of interest
for the DBRTDs andQWITT diodes (PVCR, ¥, J, Vv, &, Ep, By, Oinj., etc.)
would require a significant amount of time. A program written by D.RlleMhas
been utilized to extract these parameters from the raw |-V M&g0] .
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4.9 MBE Growth of AlAs/GaAs DBRTDs with A and Ay

The growth of AlGaAs/GaAs heterostructures witkither dimericarsenic,
Asp, or tetramic arsenic, Ashasbeen studiedn-depth. Theuse of As hasgained
much interest due to thabservationghat GaAs growth with As results in lower
deep level concentrations, lower recombination velocities at AlGaAs/GaAs interfaces,
improved surface morphologies duriggowth of AlGaAs [LeS86 and from a
practical point of view, cansave up to twice as much tfe elemental Asource
during growthruns. Howeverthere arealso certaindisadvantages of using As
One of thepossible problemghat may occuwhen thermally cracking Ag at high
temperatures is the generationA®O. Furthermore, a@hese high temperaturez (
77¢°C), contamination and generation of defects rasp occur. Typically in the
Varian Gen Il, the arsenic cracker is set at temperatures 3CHMWC (setpoints of
10-12 onthe PID controller)suchthat not all the Ag is thermally cracked due to
observationghat higher cracker settingsan causéiigh AsO concentrations which
significantly degrade the RHEED intensity oscillations and photolumines¢Phge
intensity BIS9] . In a few occasions, the Asell hasbeen depletethrough heavy
use andthe Ag; had to be used tgrow certain layers before bringinghe MBE
system up to air to re-load materials. In #estion, arAlAs/GaAs DBRTDgrown
with Asy will be compared to a standaAdAs/GaAs DBRTD grown with partially
cracked Ag at a cracker setting ef670°C.

The layer structure, MBE growth, fabrication and device testing of the
DBRTDs inthis sectiorfollows those procedures describedsection2.2, section
2.3, section 4.7 and section 4.8ince the majority of the DBRTDs ageown with
the arsenic cracker, the main concern about growing with theelsis to makesure
that the above mentionedroblems associated with Asdo not degrade any
parameters of interest in the DC-Bharacteristics. Inable 4.1, specific DC-IV
parameters are given for a standard DBRTD grown with thecélsand theDBRTD
grown with the Ag cell.
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DBRTD Structure || Peak AV=VpVy | Peak Currert

(Bias) Voltage, \f Density, § [PVCR
DBRTD with Ay ||0.76t 0.04 | 0.27+ 0.03 | 48.8+ 3.8 | 4.1+ 0.1
(Forward Bias)

DBRTD with Ay [|-0.62+ 0.03| -0.24+ 0.02| -44.3+ 3.5 | 4.5+ 0.1
(Reverse Bias)

DBRTD withAsy |10.71+ 0.02 | 0.29+ 0.01 | 52.2+ 2.2 | 3.8+ 0.2
(Forward Bias)

DBRTD with A, [[-0.61+ 0.02| -0.29+ 0.01| -48.0+ 2.1 | 4.4+ 0.3
(Reverse Bias)

Table4.1: Table of specific DC-IV parametefer a standardAlAs/GaAs DBRTD
grown usingthe A cell and the AIAS/GaAPBRTD usingthe As, cell. Notethat
all the layer thicknesses including those the quantum well are the sarf@ both
devices, as shown in Figure 4.8.

From the data, it is seerthat there is no significant difference between the two
devices. Although the deleterious effects mentioned above may exist in the samples
grown with As;, the AlAs/GaAs DBRTDdevices do not appear to be sensitive to

these effects.

4.10 Growth, Fabrication, and Testing of Depletion-Edge Mbdulation
AlAs/GaAs QWITTS

The AlAs/GaAs QWITT structures, as described in sectiGnand shown in
Figure 4.5, utilized lightly doped GaAs spacer layers downstream from the
AlAs/GaAs quantum well. In these devices, the depleted spacerdaggh,W, was
not optimized since the specific injection conducta¥), is afunction of voltage.
One way of optimizing the depleted spacer layer length as a function of voltage is to
alter the doping profile downstream from the AlAs/GaAs quantuweth. wideally, one



74

would like to start depleting thepacer layedownstream fronthe quantum well at

the \jp and fully deplete the spacer layer downstream at {hefverefore, one would

like to have an optimized W at every voltage bias. To accomplish this task, the spacer
layer doping profiles must be altered accordingly. In fact, to succeed in this endeavor
requires precise knowledge tife doping concentrationsy of the quantum well
based on #nearfit, layer thicknessesand repeatable specifeontactresistivities.
Oneway to prevent theelectric fields from becoming too large befotee DBRTD
reaches resonance is by inserting a doping spike betiweequantum well and the
spacer layerseN8d. Since theelectricfields in this regionare usually = 100
kV/cm, the doping spikecan beused toreduce the fields and still nmain a
saturation velocity of 6 x 1 cm/second. By adjustirthe doping spike/depleted
spacer layer length and doping accordingly, redwodtdgedrops acrosshe device

can be obtained resulting in higher dc-to RF conversion efficiencies. Furthermore, if
the depleted spacer layer doping is decreaséeftanominally undopedthe depleted
spacer length can be increased resulting in a l@gesind negativeesistance. The
devicestructures whichutilize this doping spike and a longdepleted spacdayer
length are referred to adepletionedge modulation QWITTs or DEM-QWITTSs.
Several structures have been designed through simulation invehantpaseline”
guantum wellstructure, a doping spike andpyin nominally undoped downstream
spacer layer. Siafations have also beensed to design a structure where a
composite spacer layer/doping spike/spacer layer (1500A GaAs doped af@mr10

3, 100A GaAs doped at 5 x ¥@nr3, and 1um GaAs doped a.5 x 136cnT3) is
placeddownstream from a quantum well of lowersince the 1um depleted GaAs
spacer layer cannot support quantum wells that supply higher current densityg (n > N
must be avoided to prevent large electric fields). The quantum well straonsests

of an 8 ML AlAs/ 18 ML GaAs / 6 MLAIAs layer structuregrown by MBE, as
shown in Figure4.12. The layerstructure,MBE growth, fabrication and device
testing of the DEM-QWT in this sectionfollows those procedures described in
section 2.2, section 2.3, section 4.7 and section 4.8.
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50008 4 x1038cm3 n+GaAs Desired mode
of operation for

100A 6x1037cm3 n GaAs | this device structure
100A 5x1836cm3 n.GaAs

50A Undoped GaAs ¢
22.6A Undoped AlAs

50A Undoped GaAs

17A Undoped AlAs

50A Undoped GaAs

6 o3
1500A 1x10%cm3 n- GaAs Temperature of substrate

100A 5x137cm3 p GaAs | during growth of AlAs releas
layer is 640C

10000A 1.5x185cm3 n GaAs
Temperature of substrate

during growth of all
other layers is 60€C

500A n+ AlAs release layer
5000A 4x108cm3 n+GaAs
n+ GaAs substrate

Figure 4.12: Cross-sectionayer schematidor a spacetayer/doping spike/spacer
layer combination placedlownstream (onthe anodeside) of an asymmetric
AlAs/GaAs/AlAs quantum wll. The currendensity is therefore reduced such a

structure, but thAV should be increased. The purpose of the Alflease layer will
be discussed in Chapter 6, section 6.3.

The results that were obtained from tHevice structure arghown in Figure
4.13andTable4.2. These resultshow the expectedower current densities and
largerAVs. The unexpectedesults werdghe large amount dfiysteresis which was
observed irthe device characteristics and thieservationthat many of the devices
testedwould breakdown whenbiased much further thathe valleyvoltage. This
hysteresis is due to significant series resistdinae can occufrom any undepleted
GaAs in the Jum spacer layer.
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Figure 4.13: J-V characteristics of an AlAs/GaAs DEM-QW with a spacer
layer/doping spike/spacer layer combination pladednstream (orthe anodeside)
of an asymmetric AlAs/GaAs/AlAs (8ML/18ML/6ML) quantumelll Notethat two
measurements were taken as a result of the amotnyistdresis observed the J-V
characteristics; one curve withe voltageswept upward and oneurve with the
voltageswept downward. This hysteresis is a result of significant series resistance

from any undepleted GaAs the 1um spacerregions. Also note that the\V on
such a structure was about 4 V.



Device Structure Peak AV=VpVy | Peak Currert
Voltage, \f Density, Jp | PVCR

AlAs/GaAs 1.0+ 0.04 0.2+ 0.01 21.4+ 0.8 1.5+ 0.1

DEM-QWITT

(Forward Bias)

AlAs/GaAs -7.5+ 041 | -49+£0.35 | -141+1.2 | 2.6x 0.3

DEM-QWITT

(Reverse Bias)

Table 4.2:
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(haracteristic J-Vdata for the AlAs/GaAs DEM-QWIT with an

asymmetric quantum well and a spacer layer/doping spike/spacer layer combination
placed downstream from the quantum well.

It should benoted that othestructuressimilar to the one aboverere grown and
processed. Thdeviceswould breakdown beforseaching the NDRegime. Thus,

in this set of experimentghe idealJ-V characteristicsor an AlAs/GaAs DEM-

QWITT were not obtained as a probable result of not achietliegexactdoping
profiles desired in the doping spike/spacer layer regions.



