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Electron-spectroscopic study of vertical In,_,Ga,As quantum dots
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We present the results of a magnetotransport study of vertigal,®a,As quantum dots. We observe a
series of current plateaus, due to the quantum dot eigenstates, that exhibit a purely diamagnetic response in
magnetic field parallel to the current, and no shift in energy in magnetic field perpendicular to the current. In
perpendicular field, a suppression of the current plateaus is observed that is not present in parallel field. We
also observe fine structure on the current plateaus and study its magnetic field dependence. We observe that the
fine structure moves systematically in voltage with changing magnetic field, in both the perpendicular and
parallel field orientations, while the plateau edges only exhibit a diamagnetic shift in parallel field. The current
plateau step edge exhibits the expected Fermi-level broadening with temperature whereas the fine structure is
observed to be relatively temperature insensitive. This is indicative of tunneling from states in the emitter
below the Fermi level. Additionally, thermal activation of subthreshold fine structure is observed. We attribute
the origin of this fine structure to the dopant-induced discreteness of the electronic density of states in the
emitter.

[. INTRODUCTION ants into the AJGa; _,As barriers during growth. Dopants in
Al ,Ga; _,As are known to form deep donor leveB X cen-
Tunneling in low-dimensional semiconductor structuresters, and it is preferable to avoid complicating the electron
has been a very active research field, both experimefitlly spectroscopy with events due to these levelBhese spacer
and theoretically’'® Electron confinement is usually layers are usually contacted by highly doped GaAs. This
achieved either through fabrication imposed confinement ofésults in a conduction-band profile for the bulk epitaxial
a double-barrier resonant-tunneling structyBBRTS) or ~ Material as shown in Fig.(8).?° The first quantized state in
through electrostatic confinement of a two-dimensiqgay) ~ the well is relatively far away from the Fermi level in the
electron layer. Both techniques create a potential that spg&Mitter, due to band bending in the spacer layer re¢an

tially localizes an electron in a region, the dot, and quantiz&@! quantization pulls the dot states up even fujtilerthis

the allowed energy levels in this region. These two tech£xample, biases on the order of hundreds of millivolts are
niques also allow for the coupling of electrodes to theneeded to puII_these states down and to injegt_ el_ectrons into
sample. One electrode, the emitter, probes the density &Pueaggth{aL::;nr%]:;t:ggr%%ft (\;\;evl\l’nt:l(e)szﬁg'bg:’& Ige\} the
guasi-0D states by injecting electrons into the dot. The Othe'q:ermi level[Fig. 1(b)]. Lower quantum levels in the well

electrode, the collector, allows injected electrons to leave thﬁnply longer lifetimes(i.e., less intrinsic energy broadenjng

dot. __Additionally, since this reduces the resonant bias voltage, far
In the case of 2D electron layers that are electrostaticallyesg gistortion of the emitter-dot-collector potential occurs

confined, the single-electron charging enetgdy,, is usually  \yhjle examining the density of states of the dot, as compared

much greater thaE, the spacing between single-particle to a conventional GaAs vertical quantum dot. Due to the

states in the dot. In the case of a double-barrier semicondugower applied bias required, there is far less power dissipa-

tor heterostructure$E andU can be of the same ordor  tion and local electron heating in the dot region.

U can be less thadE. In the regime where they are on the

same order, it is difficult to distinguish between the transport Il. SAMPLE GROWTH AND FABRICATION

phenomena caused by each of these efféétand proper

modelind* is required to appropriately assign the observed Samples are grown using molecular-beam epitaxy on a

structure to either spatial quantization or single-electrorSi-doped(100) GaAs substrate. The active region consists of

charging. a 50-A Iny ,Gag As quantum well, enclosed by a pair of
Much of the previous work in double-barrier structures40-A-thick Al ,{Ga,;sAs barriers. This region, along with

utilizes a GaAs well between two ABGa;_,As barriers to  100-A spacer layers of GaAs that contact the barriers, is

form the dot?°>° Typically, the well and barriers are un- undoped. The spacer layers are contacted by GaAs doped

doped. Undoped spacer layers 100 A) are situated imme- with Si at a density of %108 cm™3.

diately prior to the barriers to prevent the diffusion of dop- Small (~100 nm) AuGe/Ni/Au Ohmic top-contact dots
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GaAs well, with Al,Ga; _,As barriers, typical values for en-
ergy state separation are on the order of 25 meV, for
®:=0.8 eV andR~500 A.

If a magnetic field oriented parallel to the current is ap-
plied, according to first-order perturbation theory, the shift of
the energy levels is given by

Energy (eV)

efi |\ e’B¥rd)
5EBHI: mE /B+ 8t (1)

Note that spin is neglected in E@l), as the spin splitting
energy,gefiB/2m, is only 0.25 meV at 10 T. The shift for a
localized level with/'=0 is entirely due to the diamagnetic
term, SE giamag= €°B%(r 5)/8m* , where(r3) is the spatial ex-
tent of the localized wave function. Therefore, the observa-
tion of an experimental diamagnetic shift isimect measure

of (rd).

For magnetic field oriented perpendicular to the current,
| | | | | | | the first-order perturbation term is morze difficult to evaluate,
=020 b b P L and numerical methods are requiréd? Numerical results

Position z (nm) moﬁcate an increase |n_dot energy states by a diamagnetic
shift term, which is predicted to be lessthan 0.5 meV at10 T
for a GaAs/AlLGa; _,As quantum dot system with the same

(a) a GaAs quantum wellunconfined laterallyand the correspond- well width (50 '8.‘) as in th'.s stud_y. Th_e sr_nall value for_the
ing diagram for(b) an Iny ;GaAs, o quantum well. The shaded re- state energy shift in this field orientation is due to the inter-

gions correspond to occupied electron states below the Fermi lev@ction of a relatively weak magnetic potential with the much

and the line in the well denotes the position of the ground-statétronger confinement potential in the epitaxial confinement
level. (2) direction.

Energy (eV)

FIG. 1. Conduction band diagram in the tunneling direction for

are defined by electron-beam lithography on the surface of B. Charging effects

the grown resonant tunneling structure. A bilayer polymeth-  charging effects become important as the lateral device
ylmethacrylate resist and lift-off method is used. The metalyyeqa is scaled down. Charging can be introduced into the
dot Ohmic contact serves as a self-aligned etch mask faisyal single-electron model, by modeling the Coulomb

highly anisotropic reactive ion etchin®IE) using BCk as  charging energy of the quantum dot as arising from a single
an etch gas. The resonant tunneling structure is etchegkfective capacitanc€.* This approach uses the semiclassi-

through to the bottom™ GaAs contact. Contact to the top of cal geometric capacitanéthe sum of an emitter capacitance
the structures is achieved through a planarizing-etchback_ and a collector capacitane,),

process employing polyimide and an, ®RIE.2 A gold con-

tact pad is then evaporated over the columns. Bottom contact ceqma’
is achieved through the conductive substrate. C=Ce+Ce~— (dgt+d2h), %)
IIl. THEORY whered, andd, are the thicknesses of the emitter and col-
lector barriers, respectively, aradis the dot effective elec-
A. Lateral quantization and magnetic field trical diameter. For the structures in this paper,

Consider a quantum well that has been quantized in th€~2.6x10 1® F using €Al Ga, AS™ 11.6, anda~800 A.
vertical dimension through epitaxial growth. The vertical The yaluea is the electrical diameter, which is the extrapo-
confinement in such a structure is modeled by a rectangulagieq value determined from current density measurements
potential. In the lateral dimension through fabrication, wegp, large area samples. In this case, the estimated charging
can create a system that is a quasi-OD dot connected to t'@]ergy, E.=e%2C, is approximately 0.31 me% More
outside world by two 1D leads. The lateral confinement,genera”y, Ecn=€2/C(N—1/2) is the Coulomb charging

which is enhanced due to Fermi-level pinning at midgap Obnergy forN electrons residing on the dbt4
the sidewalls, may be modeled by a parabolic poteftial.

For a parabolic model the allowed energy leveds, ,,
are given by (2+|/|+1)%wy, where the radial quantum
numbersn=0,1,2 ..., the azimuthal quantum numbers  While many of the analytic results are very useful to first
/=0,x1,%2,..., andhwg is the energy state spacing in order in determining expected diamagnetic shifts and state
the parabolic wellEy, the energy spacing between states,spacings, the treatment of the lateral potential as either a
AE=thw, is (201/m*)Y2(4/R), whered+ is the Fermi-  parabolic or hardwall potential is an oversimplification of the
level pinning energy at the sidewallR,is the lateral physical problem. In order to treat theeal lateral potential, numerical
dimension, andm* is the electron effective mass. For a 3D potential models have been pursued to more accurately

C. Numerical results
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determine the expected level spacings and diamagnetic T
shifts. Starting from a physical description of the structure,
the Poisson equation is solved self-consistently using a non-
linear successive over-relaxation algorithfn.Zero-field
boundary conditions are invoked at thédoundaries and the
azimuthal axis. The electrostatic potential at the surface is
chosen such that the Fermi level is pinned near midgap. It is

I~
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<

Current (LA)
=

-400

assumed that the pinning in the well and barrier is deter- 1200 =0 0 50 100
mined by the pinning in the GaAs. Voltage (mV)

The energy eigenstates within the OD dot are determined
by numerically solving the Schdinger equation in cylindri-
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Invoking the separation of variables ¢(r,,2) onET
=R(r,2)®(¢) and substitution of the radial function -100 -50 0O
u(r,z)=rR(r,z) reduces Eq(3) to the following form for v
cylindrically symmetric potentials:

FIG. 2. (a) Current vs voltage for a large ar¢a024 um?)
sample fabricated from the same epitaxial material used for the
u+V(r,2U=Eu, (49  small area quantum dotg £4.2 K); (b) current versus voltage for
an Iny 1Gay As quantum dot. Note the steplike structure in current
where/ is the azimuthal angular momentum. This equationnear zero biasT=50 mK, mixing chamber
is discretized on a finite difference basis resulting in a sym-

metric pentadiagonal Hamiltonian matrix. A hard wall heak current density of 56 A/ctn The low bias conductance
boundary is invoked at the external edges of theig 25 ms for the 1024sm? device, and this value is ob-
Al,Ga, ,As barriers and the exposed surface. The eigengeryved to scale linearly with device area, as expected, pro-

states are calculated using a shift and invert Lanczos algQjiging a means of extrapolating the upper limits for the elec-
rithm followed by inverse iteratioff Results from these cal- trical sizes of the smaller devices.

culations are used to determine the energy spacing between
guantized levelsAE).

2

2m*

1
2, w2, —

Choosing the scalar potential=(1/2)(Bxr), the elec- B. Zero-magnetic-field measurements: small area samples
tronic potential due to a magnetic field parallel to the current  The small area quantum dot samples are measured at mil-
(z direction is given by liKelvin temperatures in a dilution refrigerator. Figuréo®

shows a current versus voltag&(Y)] curve for a sample

(5) (R~100 nm under zero magnetic field, at a mixing chamber
temperature of 50 mK. Figure 3 shows an expansion of the
zero bias region. The conductance for this sample (.4
e“s) yields a value of approximately 800 A for the electrical
diametera.

A staircase structure in current is observed in Figs) 2
and 3 in both bias directions, especially at low biases.

Several different types of transport measurements were Similar structure in the low bias regime for DBRTS has
performed to investigate the electronic properties of the verbeen previously reported by other grod$.The major dif-
tical In,Ga; _,As quantum dot structures. First, large area

e2
i B2%r2+ehB/

VBZ(r !Z) =

2m*

The addition of this term to the Hamiltonian allows for the
calculation of the dot eigenstate magnetic field dependenc

IV. EXPERIMENTAL RESULTS

samples(i.e., no lateral confinementwere examined to 3 T e
verify the epitaxial ¢) potential and to determine current I :
densities in the bulk material. Following this, small area dot 2

structures were measured at low temperatures. Variable tem-
perature data, as well as a variety of magnetotunneling mea-
surements will be presented.

LR R RERRN R

Current (nA)
=)

A. Large area samples

Large area resonant tunneling diodes are fabricated to ex- -2 ,
amine the peak positions and current densities for the epitax- TN
ial material. Figure @) shows a current versus voltage trace 40 20 0 20 40
for a 1024um? sample measured at 4 K. The symmetric Voltage (mV)

response is consistent with the symmetric epitaxial structure.
The negative differential resistance occurst&3 mV with a FIG. 3. An expansion of the low bias regime of FigbR
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direction and 0.50 meV/mV in the reverse bias direction. The
different a values imply an asymmetry in the emitter and
collector contacts of the quantum dot deviegther in dop-
ing, or in the barrier or spacer layer thickngsscontrast to
the symmetric response seen in the large area déFice
2(a)]. This is not surprising as we are now probing a very
localized region instead of averaging over nonuniformities in
barriers or series doping, as in the large area device.

It should also be noted that only temperaturgsater
than 1 K were used in determining, since below 1 K, the
line shape can reach either the intrinsic linewidth that is lim-
ited by inelastic scatterif§ or the temperature limit for
e cooling the electrons in the dilution refrigerator. The electron

1 temperature in the sample is often not the same as that of the

mixing chamber, or of the sample thermometer, at mil-
liKelvin temperatures. In both the reverse and forward bias
directions, the sample’s electrons appear to stop cooling at a

) ] mixing chamber temperature of 100—-200 mK. This places an
:_%gg“me“‘ ] upper limit on the intrinsic state linewidthl'(at T=0) of
S TP P TR S T T approximately 1.%10 s,
02 4 6 8 10 12 14 Equation(6) predicts that the current value at the thresh-
old point (V=Vy,) for the different temperaturgV) curves
in Fig. 4@ should bel 4/2, half that of the plateau current,
o- However, in both bias directions, the experimentally ob-
served plateau current is less thgn typically only 75% of
lo. Equation(6) relies on the assumption of a constant den-
sity of states in the 1D emitter as the bias is increased. If we
are near a 1D subband edge\&tVy,, as the bias is in-
creased the density of states, and current, will decrease. We
ference in our work is the use of an,In,Ga,As dot, as well also obse_rve an oscillatory fine structure on the current plq-
as the use of a symmetric epitaxial structure. The curren€@Us Which could affect the plateau current value. For this
steps are relatively flat at low bias, where the transmissiofi€son, a is determined by fitting the region where
coefficient is not a strong function of applied bias. In order toV<=Vi- . ,
analyze the electron spectroscopy in greater detail, we need The observed fine structure between plateau efigigs
to determine the bias to energy conversion factar,The 4(a)] exh|b|§s significantly less dependence upon tempera-
value of a is a measure of the amount of voltage that istUré, especially for those peaks located far away from the
actually dropped between the emitter and the quantum gdilateau edges. This relative temperature insensitivity indi-

state. As will be showng may be determined from the tem- cates tunneling of the electrons below the emitter Fermi
perature dependence of the plateau edges. level, where the emitter state occupation is not a strong func-

tion of temperature. Therefore, the fine structure is attributed
to emitter states below the Fermi level, which pass into and
out of resonance with the narrow 0D dot levels, as the ap-

The sharpness of the current plateau edges is expected pded bias is varied. At very low temperatures, only states in
broaden as temperature increases, due to the broadeningtbe emitter at or below the Fermi levéf, are occupied.
the emitter Fermi distribution at higher temperature. The curThese are the only emitter states available for tunneling.
rent versus voltage characteristics as a function of temperdzlectrons in the states nearest to the Fermi level will tunnel
ture for reverse bias are shown in Figay As expected, the into the dot state first. States below the Fermi level then
plateau edges are very sensitive to changes in temperaturezontribute to the tunneling as the bias is increased.

The voltage to energy conversion factes, is calculated At finite temperature, occupation of the emitter states
from fitting the Fermi function to the first current plateau above the Fermi level is possible and therefore thermally
(1o is the value of the current on the plate¢ani the variable activated resonancdselow the first plateau should be ob-
temperature data, i.e., served. The inset of Fig.(d) shows such a resonance effect,

resulting in a subthreshold thermally activated conductance
lo peak. Since (V) =Iyf(aV), wherel, is a constant prefactor
IV, T)=lof(aV)= 1+exfg —ea(V—Vy)/ (k)] (8 dependent upon the transmission coefficient, &0eV) is
the Fermi  function, the conductance, dl/dV
Vi, is threshold voltage for the current plateau and can be=1,df(aV)/dV. A fit of this to the subthreshold conduc-
accurately determined from the intersection point of thetance peak strengtfinset Fig. 4a)], assuming an emitter
[(V,T) curves in Fig. 4a), since the current given by Ef)  state above the Fermi level becomes thermally activated, is
does not depend upon temperature\et Vy,. The value of  shown in Fig. 4b). The energy difference between the ther-
a is determined to be 0.37 meV/mV in the forward biasmally activated emitter state and Fermi lev&l7 me\) is
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FIG. 4. (a) Reverse bias current vs voltage for a quantum dot a
35 mK, 2.0K, 4.0K, 5.0 K, 7.5 K, 10.0 K, and 14.0 K. The inset
shows the subthreshold peék conductancethat arises as tem-
perature is increasedb) Experimental conductancerosses vs
temperaturdfor the peak in the inset af)] and the theoretical fit
(solid line).

C. Variable temperature measurements
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FIG. 5. Current-voltage characteristics in magnetic field parallel ~FIG. 6. Current-voltage characteristics in magnetic field parallel
(0-9 T in 0.1875-T stepdo the current for the reverse bias direc- (0-9 T in 0.1875-T stepdo the current for the forward bias direc-
tion. Traces are offset by a constant current value for clarity. tion. Traces are offset by a constant current value for clarity.

l9f the plateau energy shift versus magnetic field squéred
shown) yield straight lines for all plateaus. At 9 T, the dia-
magnetic shift is approximately 1.4—2.6 meM+2-4 mV),
depending on the current step-dot level. Table | lists the val-
ues for the diamagnetic shifts and current plateau widths for
the first six steps in reverse and forward bias directions.
Erom Eqg.(1) (#=0) and slope of the experimentally mea-
sured diamagnetic energy shift versB3 (accounting for
a), the radial wave-function extent is determined to be ap-
proximately 100 A for the ground state in both bias direc-
D. Magnetotunneling measurements tions. The implications of the radial wave-function extent

Two types of magnetotunneling measurements were peron the dot electron spectroscopy will be elaborated upon

formed. The first, which are discussed in this section argfter dis_cussing the results for the magnetic field oriented
measurements that include a large bias rdsguilar to that pe:fiﬂg'.%'iret%?:dC#Q:Znttﬁat all resonances shiftigher

in Fig. 2(b)], over relatively large magnetic field increments | . . : . Co

(approximately 0.2 Tfrom 0 to 9 T. Both bias directions are bias withonly a diamagnetic trend. This is in contrast to the

covered, in magnetic field both parallel and perpendicular tosmgle-electron theories for two-dimensionally and three-

the current(i.e., perpendicular and parallel to the quantum?Ar;e:giznﬁgr&go.?ﬂggg’tﬂi?)rrliiscysl'agxcg:Egusg;:'emgg:;n"i
well, respectively. In order to better characterize the mag- 9 :

netoconductance of the fine structure on the plateaus, a oy ©aS€ I energy with magnetic field, while other states de-

bias region ¢ =*=45 mV) that contains the first few steps ;\?vzsi slrr]]ifigng\X/.arSdtaiglr;gn;:om \Z,v%rﬁeﬁtﬂg'stgfo%ogg;tate
(similar to that shown in Fig. }3is examined with higher Y P 9y,

current sensitivity and smaller magnetic field stémsproxi- ways shifts downward(ignoring spin. This is due to the
mately 0.02 7 for both bias directions and field orientations.
This data are discussed in Sec. IV G.

In a magnetic field parallel to current, diamagnetic shifts
of the dot ground-state levels are expecteée Sec. Il A pjateau index OE diamag Plateau width
Figures 5 and 6 show the reverse and forward current N) (meV,B=9 T) (meV)
voltage characteristics in magnetic field parallel to current,
ranging from 0 to 9 T. The mixing chamber temperature is

known from measuring the difference between the platea
threshold voltage at low temperatu@hich determines the
emitter Fermi-level positionand the thermally activated
conductance peak position at higher temperatures.onie
fitting parameter id, which is within 5% of the value used
for the first reverse bias current plate@t V= V,). A simi-

lar thermally activated subthreshold peak is observed in th
forward bias direction as well.

TABLE I. Experimentally observed diamagnetic shifts and cur-
rent plateau widths for the reverse and forward bias directions.

(reverse, forward bias (reverse, forward bias

30 mK and the step in magnetic field between traces is 187% 1.4,1.6 5.0,3.3
G. The traces are offset by a constant current value for clar2 1.5,1.6 6.5,3.3
ity. 3 1.9,2.6 6.5,2.6

Note that there is a diamagnetic movement of all steps ta 2.0,1.6 9.0,4.4
higher bias with the magnetic field parallel to the current.s 21,16 1.1,3.0
This movement can be better observed in the fan diagrarg 2.1,1.0 35722

shown in Fig. 12, which will be presented in Sec. IV G. Plots
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FIG. 7. Calculation of the energy eigenstate dependence upon FIG. 9. Maximum(solid) and minimum(dashegl current values

magnetic field parallel to the current. The solid lines denote theor the first current plateau in reverse bias as a function of perpen-
/=0 states, the dashed lines denote e 0 states, for a dot dicular and parallel magnetic field.
radius of 60 nm.

As discussed earlier, for magnetic field directions perpen-
Zeeman term(the term linear inB) in Eq. (1). Figure 7  dijcular to the current, the quantum dot states should not be
shows a numerical calculation of the energy eigenstate degreaﬂy perturbed in energy by the magnetic fietdQ.5 meV
pendence upon parallel magnetic field. The solid lines showt 10 ) due to the strong confinement. Figure 8 shows the
the /=0 states, which exhibit only diamagnetic shifts, the reverse current-voltage characteristics in perpendicular mag-
dotted lines show the’>0 states. netic field, for the same temperature and bias conditions as in
The absence of Zeeman effects in the experimental datgig. 5. As expected, all of the current steps attributed to 0D
(i.e., peaks splitting, and shifting in energy with a linear dot states are not greatly affected by the perpendicular field,
term) implies that either we cannot prob€>0 states, pos- in contrast to the diamagnetic movement observed in the
sibly due to orthogonality between the emitter wave func-parallel field. This is confirmation that the current steps are
tions and”>0 dot levels, or this simply tells us thatis not  the result of tunneling through the laterally localized dot

a good quantum number for this system. This implies that thetates that reside in the strong confinement of the quantum
assumed cylindrical symmetry has been distorted signifiywel]l.

cantly. It should be noted that other grolip®investigating

similar systems also observe a diamagnetic dependence only. o . o
E. Current suppression in perpendicular magnetic field

40 e OT In addition to the difference in the response of the dot
energy leveldi.e., the current plateau edgee parallel and
perpendicular magnetic field, suppression of the plateau cur-
rent is observed for both bias directions in magnetic field

30+ oriented perpendicular to the current. Especially noteworthy
are the lower plateaus in Fig. 8, which appear to vanish due

z to the current scale. Figure 9 shows how dramatic these ef-
£ fects are. Current versus magnetic field squared is shown for
g 20 "= the maximum and minimum current observed on the first
E — plateau in the reverse bias direction, in both parallel and
o — oT perpendicular field orientations. In parallel field, the differ-
——— ence between the current minimum and maximum remains
10 i——g 7] constant on a logarithmic scale over the field range in both
—— bias directions, and only slight suppression is observed at 9
— T. The current suppression for perpendicular fidl® & is
0 —— | very large for the reverse bida factor of 100 for the plateau
il el a sl iaal ey current minimum and 25 for the current maximurm for-
0 20 40 60 80 100 120 ward bias, a factor of approximately 10 is observed for both
Voltage (mV) the current plateau minimum and maximum.

This current suppression has been observed previously in
FIG. 8. Current-voltage characteristics in magnetic field perpena coupled-dot systedt, and was attributed to a decreasing
dicular (0-9 T in 0.1825-T stepgo the current for the reverse bias 0D-0D transition probability between the coupled dots. In
direction. our case, since there is one quantum well, the perpendicular
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TABLE II. Experimentally observed current step values in zero

N=0 : N=le Zeld( andoe)lI/sAo fc(JBzg T)(BJ_ I). Suppression values are the ratio of
| - I,(B=0)/A1,(B=9 T).
SEQ |E01L—-‘i—2 §—EoR 5
i Eor ! v e /2C V_SEQJ'e 12¢ Plateau index Al, (pA) Al, (pA) Current
BoL [ :EOOL+_ ) (N) 0T B=9T suppression
i e 7 T____I\T=_3e ——————— (—,+ bias (—,+ bias (—,+ bias
I A-Eole 1 200,600 8,70 25,8.6
B | R P 2 200,500 11,60 18,8.3
b o 3 800,1100 80,240 10,4.6
. e oo e 4 2300,1600 500,570 46,28
LA N pys ! e e 5 2500,2500 1400,580 1.84.3
EgoL-e-L— | Egor—e1—
|

As a result of introducing the potential into the Hamiltonian
and applying Schainger's equation in Cartesian coordi-

FIG. 10. Energy ladder diagram for the two dot model. For nonates, the displacemepy is given by

electrons in the dotN=0), there is a ground-state spin degenerate
level for the left and right dotE, andEgg), separated by a small Do
offset, 5SEq. When the dot is occupied by one electroti= 1e), it yoz%_

will occupy the lowest state availabl&g , and the spin degen- m* (wg+ wp)

eracy of that state will be split by the Coulomb energ’/2c, into ) ) ]

Eoq andEqy . The right state is also assumed to be lifted by theFOr wo> ¢, this term varies a8, as required.
charging energy. The second electra¥=(2) will enter the next

lowest-energy stateHpy ). The third electron N=3) will then F. Spectroscopy interpretation: TheN-dot model
enter the ground state of the right dot.

11

The wide bias magnetotransport studies point out some
clear inconsistencies with the expected quantum dot system.
The magnitude of the diamagnetic shift implies a dot wave-

are modeled as Gaussian functions, the observed linear 1dgnction spatial extent of approximately 200 A in diameter.
(1) versusB? trend can be accounted for. The current isF0f this _dimension, a charging energy of 5 meV is

0 . .
proportional to the overlap between the emitter and dot Wavgxpectecf‘, and a quantization energq, of 35-45 mev
functions, etween the ground state and first excited state is expected

(the lower limit is the parabolic result, the upper limit is the
. hardwall result While the charging seems reasonable to ac-
| o f Wemittetldor dY=N EX

field canonly be decreasing the 1D emitter to OD dot transi-
tion probability. If the emitter and dot lateral wave functions

(7) count for the observed plateau edge to plateau edge separa-
tions (see Table), the quantization energy far too large to
where both the emitter and dot wave function are assumed taccount for the spacing from the second to the third plateau.
have a Gaussian wave functiogicexp(—y?/A?). Under the  As the ground state is only doubly degenerate due to spin,
application of a perpendicular magnetic field that shifts thewe expect to observe only two plateaus, separated by 5 meV/
emitter wave functions with respect to the dot wave functione. Subsequent plateaus in thev) should then not be ob-
by a displacemeny, served until at least 70 mV higher in bias. Clearly a model
beyond simple charging and quantization is required to ex-
Pemiter €XH — (Y —Y0) I\?]. (8  plain the experimental data.
In this case, To explain similar diamagnetic shifts in previous work, a
model of conducting filaments through the dot has been pro-
T —yg posed by Tewordet al! The filaments are assumed to be
f lﬁemitteﬂﬂdotdy:(?\ 5| X W) (9 caused by the potential created by dopant atoms near or in
the dot, which enhances the lateral quantization already
As current is proportional to this overlap, ldy(=y3. If present in the dot. Since on average all filament states are
Yo*B, we have the lod() =B? behavior observed experi- laterally localized by about the same amount, all of the peaks
mentally. should exhibit similar diamagnetic shifts, which is observed.
To consider whether this trend is reasonable, note thafhis also yields a more complicated density of states for the
coupling to the strong epitaxial dot potential in thelirec-  dot. However, transport through the system is still proceed-
tion prevents a substantial shift of the dot wave-functioning via tunneling through highly localized dot states. Note
center?® The shift of the emitter wave functioly,, may be that this model also provides for the distortion of the cylin-
estimated using the parabolic lateral potential approximatiomlrical symmetry that is needed to prevent observation of
in magnetic field and assuming that in magnetic field this”>0 levels. Therefore, this model is consistent with our
potential is offset byy,, i.e., experimental data.
Applying this to our case, we expect to have a series of
Coulomb-split plateau pairs with similar current step heights

1
— 2_\,2
V=7Z0dy"7Y0). (10 (Al,), current suppressiorffor BL1), and diamagnetic
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FIG. 11.1(V) data in paralle! field, ranging from O (bottom to the magnetic field steps are too large to observe the magnetic
2.25 T(top). Curves are vertically offset by a constant current valuegig|d dependence of the fine structure occurring on the cur-

for clarity. rent plateaus. In order to better characterize this fine struc-

shifts. Restated, the transport model is that conduction i&Ureé, data were acquired in the low bias regiapproxi-
proceeding througN dots in parallel with the emitter. For mately = 45 mV), every 187.5 G from O to 9 T. Data were
this specific sampleN~2—3. In examining Table I, note acquired in both bias directions and in both parallel and per-
that for reverse bias the diamagnetic shift is the same fopendicular magnetic field. Figure 11 shows a portion of this
N=(1,2) and forN=(3,4), and that the energy spacing be-survey in the forward bias direction. The magnetic field is
tween all of these is close to what is expected for the chargparallel to the current and ranges fron{littom to 2.25 T
ing energy. In the forward bias, a similar trend is observedtop). The I(V) traces have been vertically offset by a con-
for the N=(1,2) andN=(4,5) pairs. Figure 10 shows the stant current value, so the movement of the fine structure in
conceptual energy ladder diagram for this transport processnagnetic field is apparent. Similar fine structure behavior is
The current suppression and current step heiglt) for observed at higher magnetic fiellsp to 9 T) and in mag-
these pairs should also track together. Table Il lists the apnetic field perpendicular to the current. The fine structure
proximateAl, at 0 and 9 T BLI) and suppression values characteristics are reproducible, even after thermally cycling
for reverse and forward bias for the first five plateaus. Therghe sample to 300 K. Note that unlike the case of plateau
is some degree of uncertainty in estimatifig, , as the as- edges resulting from localized dot states, the fine structure
sumption is that each current plateau is independent of thgyhibits motion inboth parallel and perpendicular magnetic

others, and that the background line shapaused by the fig|q orientations. Note that the field steps are an order of
preceding platealisis flat. This approximation begins to

break down around the fourth plateau in both bias directions.

For theN=(1,2) pairs in both bias directions, there is good A RRARSL AT o
agreement between both the,, values and the suppression.
For theN=(3,4) pair in reverse bias and tin=(4,5) pair

in forward bias, the agreement is not as good, although as
previously mentioned there is great uncertaintyjin, in this
regime. However, it is interesting to note that for tNe=3
plateau in forward biagwhich exhibits a large diamagnetic
shift compared to the other stgpexhibits a suppression
value different from the other pairs. This could indicate that
it is the result of a third dot; however, its absence in reverse
bias cannot be explained. While thhedot model cannot be b
proven conclusively with this data, it is consistent with many 2f
of the features observdde., state separation, magnetic field
dependence, current suppression, and the lack of Zeeman
shifts). R TN AN
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While the magnetotunneling data presented in Sec. IV D FIG. 13. Fan diagram showing peak voltage location vs mag-
allows for tracking the motion of the plateau edges in field,netic field perpendicular to the current for the reverse bias direction.
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TABLE lll. Average fine structure peak to peak separation andture is observed to quench at tsamerate as the current

standard deviation in meV. steps. Both are suppressed due to a decrease in the emitter-
dot transition probability in perpendicular field, and this is

Plateau Fine structure separation the expected result if the fine structure is due to the density

(bias, field X *o (meV) of states in the emitter.

Ezzzisgﬁll 8:132 8; H. Origin of the fine structure

Forward,B.L | 0.58+0.2 Several factors indicate that the fine structure results from

Forward,B}|I 0.81+0.3 the emitter contact. The weak temperature dependence shows

that the fine structure is not due to states in the dot and is due
to tunneling processes from states below the Fermi level in
magnitude smaller than those shown in Figs. 5 and 6. It ishe emitter. The observation of thermally activated prereso-
apparent that this field dependence is different from that ohant fine structure peaks is consistent with this model. Also,
the dot states. Other grougs®l32 have seen similar fine recent results have shown that the fine structure is due to
structure, however, their field steps were on the order oémitter states by studying transport in asymmetric quantum
Tesla, rather than 100 G, so the dependence of this fine strudets?® In these experiments, transport employing a thin emit-
ture upon field appeared random. ter and a thick collector shows no fine structure, as the
To better view the data, fan diagrams were generated thamaller collector transmission coefficient controls the tunnel-
plot the plateau edge and fine structure peak voltage posing current. In the reverse bias direction, when injecting from
tions versus magnetic field. Figures 12 and 13 show fan diathe collector, the fine structure is observed. This clearly in-
grams for the reverse bias in parallel fieB||l) and perpen- dicates that the fine structure is dependent upon the injection
dicular field BL 1), respectively. In parallel field, three lines contact and is only observable when injection contact con-
due to the current plateau edges at 10, 20, and 32 mYols the tunneling current. In our symmetric structure, we
(B=0 T) are clearly visible. Between plateau edges, the finebserve the fine structure bothbias directions, as expected.
structure peaks form a complex lattice of crossing lines.  The observation that the fine structure is generally more pro-
For the magnetic field perpendicular to curr¢hilg. 13,  nounced in the reverse bias is also expected. The voltage to
as expected there is little motion of the stronger lifl% 29,  energy conversion factory, for the reverse bias is slightly
and 41 mV associated with quantum dot states. While thelarger thana for forward bias. This implies that the emitter
fine structure, the number of plateaus observed, and the plés thicker for the reverse bias anthinner for the forward
teau widths are consistent through device thermal cyclingbias, which is consistent with the extreme case presented in
the spectra are sometimes offset in voltage. We believe thiRef. 28. The motion of the fine structure in magnetic field,
is due to the charging configuration that is in place in thewhich is on the order ofiw., is consistent with what one
emitter and collector upon cooldown, which may changeexpects for states in GaAs when the confinement energy is
from run to run. weak. The lack of dependence upon magnetic field orienta-
Note how the fine structure motion in Figs. 12 and 13tion excludes states localized in the dot, as states in the dot
clearly correlates with varying magnetic field. From measur-exhibit very different response in paralleB|(l) versus per-
ing the slope of these lines, we find that the fine structurgendicular BL1) magnetic field orientations due to the
typically moves at a rate of 2.5 mV/1.25 meV/T) in re-  strong quantum-well confinement.
verse bias and 5.0 mV/TL.85 meV/T) in the forward bias The observed fine structure peak energy separations of
direction. Both of these values are on order of the value fo0.6—0.9 meV are too small to arise from 1D subbands in the
eB/m* (1.8 meV/T in In;GagoAs and 1.7 meV/T in leads. For a 1400-A-wide lead, the 1D subbands are calcu-
GaAs. Similar field dependence of the fine structure is seenated to be separated by 15 meV near the Fermi level. Even
in the perpendicular orientation, in contrast to the motion ofif the lead diameter is increased to 3400(Auch larger than
the dot state current plateau edges, which only are shifted ithe possible fabrication upper limit of approximately 1500
magnetic field parallel to current. This confirms that theA) the calculated energy spacings are still 5 meV.
source of the fine structure does not reside in the dot and Other possible models to account for this close energy
strongly implies the presence of emitter states. separation, including interference effetsuniversal con-
The average energy separation between the fine structutictance fluctuationgUCF),** or effects due to chaotic
peaks on the first plateau in both bias and field directions hagansport® can be individually excluded. Interference effects
been calculated by performing a numerical Fourier transformequire sharp corners in the lateral potential, which we do not
upon the fan diagrams. Table Il shows the values for theexpect, and predict much larger values for the energy sepa-
mean fine structure separation,and the standard deviation, ration of the fine structure than is observazh order 50
o. As expected, no dramatic change in the peak separation imeV). UCF effects are expected to show a random motion in
observed when the field orientation is changed. magnetic field, not the monotonic dependence upon field that
In previous work by Su and Goldmar; the fine struc- is exhibited by the fine structure. Additionally, the observa-
ture was observed to quench in magnetic field. This wasion of a thermally activated peak, the lack of a strong tem-
viewed as evidence against the fine structure being attributgeerature dependence of the fine structure, and the observa-
to a discrete density of states in the emitter. This is not theion of the fine structure at temperatures greater than 10 K
case observed for the samples studied in our work. Even atilso make UCF effects unlikely as an explanation for the fine
fields of up to 11 T the fine structure is still strong and structure. The localization extent of the dot states makes any
clearly present. In strong perpendicular field, the fine strucehaotic trajectories inside the dot unlikely as well.
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The small energy separation between the fine structurth the magnetic field perpendicular to current, no shift is
peaks in conductance indicates that they may be due to thebserved, which conclusively shows that the current steps
effect that individual donors have upon the 1D density ofare due to states localized in the epitaxial quantum well.
states in the emitter. For the dopant levels used in this strucSuppression of the current plateaus is observed only for mag-
ture, there are approximately two impurities in a 100-A cubenetic fields perpendicular to the current, and is found to be
in the emitter(the value of 100 A is used as it is the mean consistent with a decreasing overlap between emitter and dot
free path in the doped lead at low temperatuiiéhis places wave functions. The inconsistencies in the step spacings, the
about 100 dopant atoms with electrons contributing to thaliamagnetic shifts, and lack of Zeeman splittings indicate
degenerate doping of the conduction band in this volumethat transport is proceeding through more than one channel
For a calculated Fermi level of 80 meV, this results in levelin parallel(i.e., two dots, or more A model incorporating
spacings that are approximately 0.8 meV in end@® mV this type of transport is proposed and found to be consistent
in forward bias, 1.6 mV in reverse bijag his in good agree- with the first few plateaus.
ment with the observed 0.6—0.9-meV spacing. Another pos- Using the highly localized dot states as spectroscopic
sibility is to assume that fluctuations in the 1D emitter leadprobes, the electronic structure of the emitter electrode is
cause localization in the direction (current direction measured through the oscillatory fine structure observed on
While this could be occurring, it is still difficult to obtain top of the normal current plateaus. The fine structure modu-
energy spacings of 0.6—0.9 meV from this effect withoutlates with a period of 0.6—0.9 meV and is observed to be
increasing the localization length to very large val@es., reproducible, both upon repeated traces and upon thermal
>3400 A). To investigate the responsible process furthercycling. Variable temperature results indicate that this fine
samples with different dopant levels and spacer layer thickstructure originates from below the Fermi level in the emit-
nesses could be fabricated to conclusively determine if théer. With increasing temperature, statabove the Fermi
fine structure energy spacing is related to the discrete dopgevel are populated. The observation of preresonant ther-
ants. mally activated peaks as temperature increases is in excellent
agreement with the emitter discrete state model. In both par-
allel and perpendicular magnetic field orientations, the fine
] _structure peaks shift at approximatetyw.=1.7 meV/T,

The electron spectroscopy of a quasi-OD verticalyhich is again consistent with emitter states. The most likely

In,_,Ga,As quantum dot resonant tunneling structure is in-physical origin for the observed fine structure is the random
vestigated as a function of magnetic field and temperaturgjopant distribution in the emitter contact.

Steps in current due to the discrete nature of the dot density
of states are observed. In magnetic field parallel to the cur-
rent, the step edges exhibit a diamagnetic shift as expected.
The magnitude of this diamagnetic shift is used as a direct The authors would like to acknowledge the support of the
measure of the radial extent of the wave function in the dotOffice of Naval Research for this work.

V. CONCLUSIONS
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