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Chapter 5

Intentional Barrier Asymmetries in AlAs/GaAs
Double Barrier Resonant Tunneling Diodes

5.1 Introduction

In recentyears,there hasbeen considerablevork on improving the high
frequency{BrS91] and output power properties of doulbarrier resonant tunneling
diodes (DBRTDs) ReT9(. Corresponding models and simulatidra/e helped to
direct device structure design as well as understanding sottne ofore fundamental
issues regarding current transport through thedevices. Structural device
parametersuch agguantum wvell, barrier,and spacer layehicknesses significantly
impact the peak-to-vallegurrent ratio(PVCR), the peak currendlensity (g), the
difference between the peak voltage and the valley voliage @nd the difference
between the peak curretiénsity andhe valley currentlensity AJ). Furthermore,
variations in the dopanprofiles andthe thickness ofthe spacer layers can also
significantly alter device characteristics.

Intentionally induced structural asymmetries have @eposed and studied
in AIAs/GaAs DBRTDs and AlGaAs/GaAs DBRTDs for a varietyredsons. Ricco
and Azbel proposed that undaas, the electric fielddestroyedhe symmetry of two
symmetric barriers, and thus reduced the resonance in the dRIA&] To negate
the effects of the asymmetry caused under bias, it was suggesttd thatry barrier
that the electron traverses first be made thinner with respect &xitHearrier that the
electron traverses last. For purposesxaminingissues of bistability antlnneling
processes in DBRTDs, barrier thickness asymmetries have been incorpaiagsj |
[GoT88 [R0G9IQ . Typically these thick AlGaAs driers were highlyasymmetric
such that they differed in thickness by more than a coupheooiblayers. Inducing
an asymmetry between the barrdeights of twoAlGaAs barriers hasveenmade
[2zaG8] .

In our nominally grown symmetric AIAs/GaAs structures, a slight asymmetry
is seen in the DC-IV characteristics where the PVCR is higher,dfelvwer and ¢
lower in the reverse bias, which correspondthéoelectron travelinghroughthe top
AlAs barrier first, as shown in Figure 5.1.
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Figure 5.1: Masured J-V characteristidger a baseline,nominally symmetric
AlAs/GaAs DBRTD. Slight asymmetries in the J-V characteristics olserved
wherethe 4§ is higher.the \; is higher,and thePVCR islower, all in the forward
bias modgForward biashere implies the electramaverseshe bottomAlAs barrier
first.)

This asymmetry could not be fully explained fullging models which consider
interfaceroughness athe inverted(GaAs onAlAs) and normal(AlAs on GaAs)
interfaces [[iIC88] . These models predi¢hat when there is electron injection
through the bottom AlAs barrier first (the normal interfagstfj thePVCR is higher
thanwhenthere is electron injectiothroughthe topAlAs barrier first (theinverted
interface). Inthe measurements taken tinis researchthe experimentakesults
showed the exact opposite. Thtls®erewas some basis fdrelieving that there was
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some physical asymmetry ithe device structure induced bWIBE growth.
Specifically, the ¥ and § in the above J-V curve seemitwlicate aslightly thicker
top AlAs barrier. Therefore, amitial experimentwas to find out how much
asymmetry existed in the baseline AlAs/GaAs DBRTDs by intentiovallying the
top AlAs barrierthickness. In this chaptethe impact of intentional small barrier
thickness asymmetries ahe characteristics of AlIAs/GaABBRTDs, where the
thickness ofthe asymmetric barrier is adjusted nominally in increments of a half-
monolayer based omgrowth rates using RHEED intensity oscillations will be
presented. Comparisons with silations will also bepresented. In addition, a
DBRTD structure whichutilizes a composite AlGaAs/AlAs "chair" barriémat was
grown, processednd tested by this author will Ipgesented. Thidevice structure
addresses the issues concerning inelastic tunneling and improved PVCRs.

5.2 Half-monolayer scale barrier asymmetries in AlAs/GaAs DBRTDs
The basicsurface preparation die substrate MBE growth, andfabrication

of the devices in this set of experimefadows the discussion presented @hapter

4. Specific to this experimertthiough, werehe half-monolayegrowths. Here the

top AlAs barrier thickness was intentionally varied on @ahger of a half-monolayer,

based on growthates as determined from RHEED intengcillations. Growth

rate calibrationsvere performed imediately before and aftegrowth of the actual

devices. The AlAs growth rates were 0.25 ML/sec or 0.30 ML/sec, while the growth

ratefor the GaAs spacer layers and GaAs wels 0.4 ML/sec. On sidifferent

samplesthe bottomAIAs barrier and GaAs quantum weliowth times were set to

produce nominal layethicknesses o6ML and 18ML, while the topAlAs barrier

growth time was adjusted to produce nominal lal@knesses of 55.5, 6, 6.5, 7,

and 8 monolayergMBE Runs# 1021, 1525, 1523, 1526, 1020, and 1524, see

appendix Ifor all J-V data), respectively. On one samples topAlAs barrier and

the GaAs quantum well had nominal layé¢hicknesses of6ML and 18ML

respectively, whilghe bottomAlAs barrier thicknessvas increased to 7ML. See

Figure 5.2 for a cross-sectional diagram of the device structures grown by MBE.
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Figure 5.2: lllustration showing the cross-sectional layer structutleechlAs/GaAs
DBRTDs used to examine th@pact of intentionabarrier thickness asymmetries on
the DC-IV characteristics. Note reverse bias impkdectron injectionthrough the
top AlAs barrierfirst, whereas forwardias implieselectron injectionthrough the
bottom AlAs barrier first. The top AlAs barri¢hickness, T, wasltered toproduce
nominal layer thicknesses of 5.0, 5.5, 6.0, 6.5, 7.0, and 8.0 ML.

After growth, all DBRTD structures were processed in the same fashion as described
in Chapter 4. Briefly, before metallization, the photolithographically pre-patterned
material was etched in a 2:1 HC$®I solution in order to remove surface oxides and

to improve ohmic contacadhesion. Anarray of fum to 45 um diameter
Ni/AuGe/Ni/Au frontside contacts were definaging the lift off. Using the
frontside contacts as an etch mask,dbeicestructures were mesa isolatesing an
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8:1:1 HhSOy:H202:H50 etch. Finallythe devicestructures werannealed a#50°C
for 30 sec.

Experimental and simulatiaresultsare summarized ifkigures 5.3 and.4.
In the simulations, an AlAseffective mass of 0.11g in the Schrodinger-
Drift/diffusion and 0.09rain the Schrddinger-Poisson models provided the fiiest
the experiments. Since these devices were measured at room temperature, it is
unreasonable to expect that these simple madkesinto accounall the mechanisms
which affect the J-V characteristicddeally, low temperature measuremersisould
be madevhenextracting a fittedAlAs effective mass LaA94. These experimental
results were compared to simulations not to obtain close fitsisinyg the AlAs
effective mass as a fitting parameter, but to obslkeove much the J-V characteristics
changed when varying the AlAs barrier thickness and by usfitigc AlAs effective
mass that is within reason comparedh® literature [aA93 . The changdérom the
band edge value of 0.1%no 0.09m has been attributed to strorgnormalization of
thel electron effectivanass inthe AlAs Brde9Q . Figures 5.3 and 5.4 shothat
for biases ("reverse" bias) suttmt electrons are incident on ttap AIAs barrier
first, the peak currendensity dropgdramatically aghis width is varied from 5 to 8
monolayers . For electron injectiorthroughthe fixed-thickness bottom barrier first
(“forward" bias), the variation is significantlyless. Figure 5.5 shows similar
behaviorfor the peak voltage iforward and reversbias. Both the simulation and
experimentalesults showthatthickness variations ithe entry barrier have a much
larger impact on DC-1V characteristics than thickness variations in the exit barrier.
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Figure 5.3: Peak current densitys. top AlAs barrier thicknesfor both simulation
and experimentalesults. ( - @ - -): Electron injectionthrough variable thickness
top AlAs barrier first; ( - O- -): Simulation results (from Schrodinger-
Drift/diffusion ) for electron injectiorthroughvariable thickness topAlAs barrier
first; (—=—): Electron injection through 6ML bottollAs barrier first; (———
). Simulationresults forelectron injectionthrough 6 ML bottomAlAs barrier first.
An AlAs effectivemass of 0.1l was used irthe simulations. One-sigma error
bars are includetbr experimentadata. The simulationshownhere wererun on a
device simulator written by D.R. Miller.
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Figure 5.4: Peak current densitys. top AlAs barrier thicknesfor both simulation
and experimentalesults. ( - @ - -): Electron injectionthrough variable thickness
top AlAs barrier first; ( - O - -): Simulationresults (fromSchrédinger-Poisson
for electron injectionthrough variable thickness topAlAs barrier first; (—®—):
Electron injectionthrough 6ML bottom AlAs barrier first; (—O—— ): Simulation
results forelectron injectionthrough 6 ML bottomAlAs barrier first.  An AlAs
effective mass of 0.09g was used irthe simulations. One-sigmaerror bars are
includedfor experimentadata. The simulationsshown here wererun on adevice
simulator written by K.K. Gullapalli.
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Figure 5.5: Peak voltagers. top AlAs barrier thicknesgor both simulation and
experimentakesults. ( - @ - -): Electron injectionthrough variable thickness top
AlAs Dbarrier first; ¢ - O- -):  Simulation results (from Schrddinger-

Drift/diffusion ) for electron injectiorthroughvariable thickness topAlAs barrier
first; (—#—): Electron injection through 6ML bottollAs barrier first; (—O—

): Simulationresults forelectron injectiorthrough 6 ML bottomAlAs barrier first.

One-sigmeerror barsare includedor experimentablata. The simulationsvere run
on a device simulator written by D.R. Miller.
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Figure 5.6: Peak tovalley current ratiovs. top AlAs barrier thickness for
experimentalesults. (—O——): Electron injectionthrough variable thickness top
AlAs barrier first; ( - m- -): Electron injectiorthrough 6ML bottom AIAs barrier
first. One-sigma error bars are included for this experimental data.
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Figure 5.7: Ratio ofhe forward and reverse bid3C-IV parameteryversusthe top
AlAs barrierthickness. This graph displajtse asymmetry in DC-IV parameters as
top AlAs barrier thickness igaried. The devicewith a5.5 ML top AlAs barrier is
shown to bemost symmetric. (——— ): Ratio of theforward and reverse bias
peak currentensities, g/Jor. (—#— ). Ratio of theforward and reverse bias
valley current densitiesyfddy,y. (—O— ): Ratio of theforward and reverspeak-
to-valleyratios, PVCRPVCR. (—Z-— ): Ratio of theforward and reverse bias
peak voltages, M/Vpr.
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Figure 5.6 shows that structural asymmetries also have a significant impact on
peak-to-valley currentatio. Significantly higherPVCRs were observed when the
electronspassed througthe thicker barriefirst, regardless ofvhetherthe thicker
barrier is onthe top or bottom of th&aAs well. Asthe topAlAs barrier thickness
wasvaried from 5 ML to 7ML, an increase the PVCR inthe reverse biaxase
(electron injection through the top AlAs first) waesen. This trend did not continue,
however, as the top AlAs barrier thickness was increased to S8ML. It evdaitihat
as the thickness increased fr@iML to 8ML inelasticl gagasXalas tunneling effects
may becomesignificant, which tends to degradee PVCR. Note that thetrends
observedhere only apply tahe deviceswith the exact sameloping profiles and
spacer layer thicknesses. The 7/18/6 monolay#s/GaAs DBRTDdemonstrated a
PVCR of 5.6 in reverse bias, which is the highest reportédt® in the literature for
a simple AlAs/GaAs DBRTD. As stated previously in Chapter 4, for high frequency,
high r.f. output power oscillatorghe PVCR is not as important @) andAV, but
the high PVCR isindicative of the maximunpossible quantunmterference effects
that can occuusing thisspecific materialsystem. It is fronthis point of viewthat
the high PVCRs are noteworthy. See appendix 1 for a summary of all J-V data.

The amount of DC-IV asymmetry in each of tthevices is summarized by
taking the ratios of thdorward and reverse bias data, sl®own in Figure5.7.
Interestingly, the device that exhibited the most symmetric charactevsisasot the
nominally 6/18/6 monolayer DBRTD, but rather th&/18/6 monolayer DBRTD.
This indicatesthat there may be aNBE growth asymmetry ofunknown origin
which causesthe AlAs barrier grown after the GaAs quantum well to be
approximately half a monolayer thicker than the barrier grown before the well.

Furthermore, a sample was run whtre bottomAIAs barrier thickness was
varied while the topAlAs barrier thicknessvas held constant at 6 MI(MBE Run#
1120, See Appendixt). The bottomAlAs barrier thicknessvas 7 ML, giving a
6/18/7 structure. Frorthe DC-IV measurements on this device, it is ste § is
now higher in the reverse bias mode and th@ahM PVCRare higher in théorward
bias mode. These results follow the trends of the six samples described above.
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5.3 Asymmetric Barriers Utilizing AlGaAs/AlAs/GaAs "Chair"
Barriers

Inelastic tunnelinghrough al-X discontinuity, described in secticgh4 of
Chapter 4, significantly contributes to the valley current in AIAS/GEBRTDs
which one may expect since theaas! alas offset is 1.04 eV anthelNgaasXalAs
offset is0.19 eV. Furthermordhe inelastic tunneling is more predominate in the
valley wherethe electrons have mosnergy. Thuspne way toachieve improved
PVCRs is to reduce to the inelastic tunneling in the AIAs/GaAs DBRTD.

The AlGaAs/AlAs "chair" barrier was conceived of by Cheng emvorkers
as a way taeduce inelastic tunneling and obtain impro®dCRs inAlAs/GaAs
DBRTDs [ChH9(Q . In this structure, a founonolayer Ay 145a g6As layer was
placed adjacent to the bottom outer edge of 8Mi/A8 ML/7 ML AlAs/GaAs/AlAs
guantum wellstructure. Ifthe device structure is biasedich that the electron
traverseghe "chair" barrieffirst, then a lower peak curredensity, 4, would be
expected. In addition, when the device is biased,athé valley voltagethe "chair"
barrier acts to reduce coherent tunneling thraigh gaas alas discontinuity since
the "effective” barrier that the electronust tunnel isnow thicker with the "chair”
barrier and also acts to reduttee inelastic tunnelinghroughthe [ gaasXalas
discontinuity. This reducethelastic tunneling can be anticipated since agas
XAlGag 14250 g6 discontinuity (0.42eV) is much higher than thd gaasXalas
discontinuity (0.19eV).

Since implementation of thehair" barrier reducethe peak currerdensity,
an AlGaAs/AlAs/GaAs "chair" barrieDBRTD was grown withslightly thinner
barriers than those chosen Gheng, et.al.. This device structure utilizes a 4 ML
Alg.2dGa.80As "chair' adjacent to 6 ML/18 ML/6 ML AlAs/GaAs/AlAgjuantum
well structure, similar to the "baselinBBRTDs used in thisstudy. See Figure 5.8
for a cross-sectional layer schematic of this structure.
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Cross-sectionaliagram of the AJ2dGay goAs/AlAs/GaAs “chair”
barrier DBRTD used in thistudy. The Alp 2Gag gAs "chair" was placed on the top
AlAs barrier based oithe higherPVCRsobtainedwhen the "baseline"'DBRTDs
were reverse biased. Natieat minorcorrections have beenaae in thedoping
profiles and layer thicknesses in this cross-sectional diagram .

The conductionband profile for the Al 2dGay goAs/AlAs/GaAs “"chair" barrier
DBRTD is given in Figure 5.9.
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Figure 5.9: Conduction band profiles of both fhRpoint andthe X-point minimums
for the Alp.odGay goAs/AlAs/GaAs "chair” barrier DBRTD.AIl energiesshown are

in reference to th&€-point of GaAs. The offset values foiGaAs/AlAs arefrom Liu
[Liu87] and Alp 2Gay gAs/GaAs from Adachi Ada8] .

Note that from the earlierdiscussion insection5.2, it wasdecided togrow the
"chair" barrier on top of the quantum well since high&CRs werenormally
observed whetthe electrons movethroughthe topAlAs barrier first. The MBE
growth, fabrication, andDC-IV testing for this "chair" barrier DBRTD were
performed by A.J. TsadreT90B using the methods as descrikestlier in Chapter
4. Theresults obtained by this authare shown incomparison to a "baseline”
AlAs/GaAs DBRTD in Table5.1. From the DC-IV neasurements, aaverage
PVCR in the reverse bias mode (reverse bias implies electrons travbesitapair”
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barrier first) for the "chair" barrier DBRTD of 6#80.1 wasobtained with a high of
6.3.

Baseline AIAS/GaAs AlAs/GaAs DBRTD |
DBRTD. with Al .Gay gAS
Chair Barrier.

Highest Peak to

Valley Current 3.9 (Reverse Bias) 6.3 (Reverse Bias)

Ratio

Average Values Reverse Biag Forward |Reverse Biag Forward
Bias Bias

Peak to Valley 3.7+ 0.2 3.4+ 0.2 |[6.0+0.13 [ 3.4+ 0.15

Current Ratio

Peak Voltage ¥ (V) |(0.93+ 0.02 | 0.98+ 0.03] 0.47+ 0.02 [ 0.72+ 0.02

AV (V) 0.33+ 0.03 | 0.33+ 0.05] 0.30+ 0.02 | 0.33+ 0.03
Peak Current

Density .g 524+ 4.1 532+ 42 | 31.3+x4.1 449+ 5.3
(kA/cm?)

Valley Current
Density, J (kA/cm?) [|14.4+ 1.3 | 15.8+1.2 | 5.2+ 0.6 133+t 1.4

AJ (KAlcn®) 38.0+£3.2 |37.4+35 |26.1+4.7 |[31l.6£6.7

Table 1: Comparison of J-Vdatafor a "baseline"AlAs/GaAs DBRTD and the
AlGaAs/AlAs/GaAs "chair" barrier DBRTD.Note that the"chair" barrier DBRTD

obtained a PVCR 08.3 atroom temperature, which remaitige highest PVCR to
date for an AlIGaAs/GaAs DBRTD. Both of the above devices geren by MBE,

processed, and DC-1V tested by A.J. Tsao.

This PVCR 0f6.3 remains thenighest PVCR obtained at rootemperatureor an
AlGaAs/GaAs DBRTD. Furthermore, witithe 6 ML AlAs barriers used in this
study, as opposed the 7 ML AlAs barriers used b heng, et.al., higer current
densities wererealized makingthis device moreuseful in possibleoscillator
applications. A comparison betwettie J-V characteristics of a "baselifi@BRTD
and the "chair" barrier DBRTD is shown in Figure 5.10.
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Figure 5.10: Measured J-V curves for a standard "baseline” AIAs/GBRID and
the AlGaAs/AlAs/GaAs "chair" barrier DBRTD, taken Hyis author. Notehat in
thereverse bias modéhe "chair" barrieDBRTD has aslightly smaller g than the

standard DBRTD.

5.4 Use of an AlGaAs/AlAs/GaAs "Chair" Barrier in a QWITT Diode

As a result of the high peak-to-valley current ra{le¥ CRs)obtained on the
chair barrier DBRTD, mentionedarlier in section5.3, anattemptwas nade to
implement a similar type structure in an AlAs/GaAs QWITHor thistype of device
to be useful, though, th&®] must be high, regardlesstbe PVCR. Inother words,
if the PVCR is improved buthe currentdensity ofthe devicegoes down, as
observed in the "chair" barrier DBRTD in secti®r8, then there are no regains in
terms ofusing thisdevice in an oscillator type applicatiofhus, inthis study, the
“chair" barrier itselfwasaltered in an attempt to retain the benefi@altures of this
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composite barrier while increasing the currdansity ofthe device. Toobtain this

increase in currendensity, the AlAs portion of this composite barrievas made

thinner by one monolaygR.83A), from =17A down to=14.2A. In addition, the

Alg.3Gay 7As portion of the composite barriewas also rade thinner by one
monolayer, from=11.3A to= 8.5A. Fromsection5.2, it is obviousthat a one
monolayer thinner barrier will result in a significant increase in the cudesdity of

the device,especiallywhenthe electron enters the thinner barfiest. The cross-

sectional diagram of this device is shown in Figure 5.11.

Growth Interruption

Schedule
5000A 4 x108cm3 n+ GaAs
37 cm3 600 seconds
Reverse| 100A 6x1G/cm® n GaAs
Bias 36 o3 600 seconds<
100A 5x1G°cn® n- GaAs
50A Undoped GaAs<_ 4 seconds<— Q
D Al Ga A ¥ 4 seconds€|§
€ 8.5A  Undoped 0.32%0.7 =)
14.2A  Undoped AlAs 4 second =
- 2 <€— 4secondse3 5
50A  Undoped GaAs S 3
17A° Undoped AlAs 4 second =2
<+ s€—{S
50A Undoped GaAs 4 second )
<4— 4 seconds€—<

2000A 5x106cm3 n- GaAs

€ 00 seconds
20000A 4 x 138cm3 n+ GaAs

n+ AIAs release layer Temperature of substrate

Forward uring growth of AlAs release
Bias layer is 640C
n+ GaAs substrate Temperature of substrate
~2.4 x 108 cnt3 during growth of all

other layers is 60€C

Figure 5.11: Cross-sectiondlagram of the AJ3dGay.70AS/AlAs/GaAs "chair”
barrier QWITT discussed in this section. Here bdlie AlAs and A} 3Gay 7As

portions of the chair barrier were thinned by one monolayexamine the impact on
the measured,.and PVCR.
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The purpose ofthe AlAs release layeshown in Figure 5.1Wwill be explained in
Chapter 6, section 6.3. It hasnimal impact on theneasurements to lukescribed.
The important J-V characteristics measured fromdhisce are summarized table
5.2.

Device Structure Peak AV=VpVy | Peak Currert
Voltage, \p Density, § |PVCR
V) V) (kA/cm?)

Chair Barrier
QWITT 0.61+ 0.07 | 0.36+ 0.05 | 46.8+ 1.5 3.0+ 0.1
(Forward Bias)

Chair Barrier
QWITT -2.71+£ 0.1 | -0.98+ 0.09| -64.4+ 1.9 | 3.8 0.2
(Reverse Bias)

Table 5.2: Characteristic J-V data for a "chair" barrier QWITT structure.

From the above characteristitise current densities are significantly higher than the
baseline AIAS/GaAQWITTs, described in Chapter 4, sect®. Inaddition, the

AJ for this structure, in the reverse biasde or "QWITT" node, wass 47 kA/cn?
which is higher than typicdlJs of = 30 kA/cn® for the baselinAlAs/GaAs QWITT.
The peakvoltages, \4s, of thisdevice in the QWITTmode are slightly higher than
those ofthe baselinestructures. In thistudy, the chair barrier helped maintain a
reasonably high PVCR add as both components thfe chair barriewere thinned

by one monolayer.



