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Influence of disorder on the vertical transport in wide barrier superlattices
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We report a combined theoretical and experimental study of vertical electron transport in wide barrier
superlattices. The proposed microscopic transport model is applied to a parakaBafdAs/GaAs structure
and to as-doped GaAs superlattice. Taking into account the structure-dependent deviations from the ideal case,
i.e., interface roughness in the first case and doping-induced disorder in the second case, we obtain quantitative
agreement between calculated and measured current-voltage characteristics for both superstructures. While
negative differential conductivity persists up to intermediate temperatures in the parabolic sample, the doping
superlattice exhibits no fine structure of the current-voltage characteristics even at low temperatures. These
findings are explained by comparing the inhomogeneous broadening of electronic states due to interface
roughness 10 meV) and doping-induced disordee 50 meV). An analysis of photoluminescence spectra
and current-voltage characteristics of the doping superlattice is used as an additional tool to verify the structure
parameters, i.e., doping densities and period.
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I. INTRODUCTION larger, if the carrier density in the wells and the transition
probability between adjacent wells exceech®®
Vertical transport in semiconductor superlattices has beer 10> cm 2 andw=6x10° s ! per carrier, respectively.
extensively ~ studied  both  theoreticdtfy ~and  The maximum drift velocity of the carriers at 1 mA/&m
experimentally** It is found that at sufficiently low fields the would be only 102 cm/s ford=16 nm, for example. This
transport is confined to the lowest minibatidtraminiband  low drift velocity would, formally, correspond to an ex-
transport. Negative differential conductivityNDC) occurs  tremely small miniband widthA =2Aw~10"8 meV ac-
if with increasing electric field= the (angulay frequency of  cording to the Esaki-Tsu model.
the Bloch oscillationswg=eFd/# exceeds the scattering  Obviously, the semiclassical picture of superlattice trans-
rate 1lf. The originally proposed semiclassical transportport in terms of electrons performing Bloch oscillations fails
model and its extensioris’ have to be replaced by a for such narrow minibands for any reasonable fielde Esl
quantum-mechanical hopping mo#ight higher fields if the > A. But also the guantum-mechanical approach of calculat-
potential drop across a period of the superlatteEd, ex-  ing the transport in terms of hopping between the rungs of
ceeds the miniband width. The minibands transform into the Wannier-Stark ladder has to be modified for a realistic
the Wannier-Stark ladder with a spacing of the energy levelgalculation of the transport as it does not take into account
eFd between neighboring wells. In this regime NDC per-the fact that at the fields of interest the field dependence of
sists, although resonant peaks of the current may occur dube matrix elements for the hopping transitions are no longer
to enhanced LO phonon emission @Fd=%wy. At still correctly described by the Wannier-Stark states.
higher fields the transport due to transitions from the lowest The most stringent shortcoming of the conventional su-
into higher minibands(interminiband transportbecomes perlattice transport theories, however, results from the fact
possible if Wannier-Stark levels of the lowest miniband be-that the effects of disorder are huge in WBSL's. They lead to
come resonant with those of a higher miniband in the neighan inhomogeneous broadening of the subband energies
boring well. This contribution produces additional currentwhich strongly exceeds the miniband widih As the lateral
peaks, followed by regions of NDC. potential fluctuations are uncorrelated in neighboring quan-
In most of the cases reported in the literature the supertum wells (QW'’s), this inhomogeneous broadening strongly
lattices consisted of a sequence of rectangular quantuinfluences the interlayer transitions of the electrons. The ef-
wells, which were more or less strongly coupled, dependindect is particularly drastic for the “intraminiband” transport.
on the thickness of the barriers. Whereas in strongly couple@he conventional transport models would predict an ex-
superlattices the miniband width is comparable with the tremely sharp drop of the intraminiband current if the levels
gaps between minibands or even larger, in weakly coupledf the neighboring QW’s get misaligned by a potential drop
superlatticef\ amounts usually only to a few meV or even eFd>A. Due to the inhomogeneous broadening of the sub-
less. There has, however, been hardly any study of transpadband states there is now a wide range of electric fields for
in “ultraweakly coupled” superlattices, in which the quan- which some of the energy levels of the adjacent wells get just
tum wells are separated by wide barrié¢twide barrier su-  aligned by the potential dropFd. Later on we will see that
perlattices,” or WBSL'3. The most prominent example of these transitions allow for elastic tunneling or quasielastic
WBSL's are then-i-p-i doping structures with barrier  phonon-assisted transitions, which are the origin of the low-
heights typically comparable with the band gap and barriefield current in these WBSL's. Of course, peaks of the super-
widths typically exceeding 20 nm. A simple estimate showsdattice current are expected due to “interminiband” transi-
that the current density may still be 1 mA/&mor even tions, if the potential droeFd between adjacent potential
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wells corresponds to the energy difference between sub-
bands. Whether these current peaks will be obscured by the V(z,)=0
disorder effects depends on whether the subband broadening D

is strong or weak compared to the subband spacing.

In this paper we develop and evaluate in Sec. Il a realistic
theoretical model for the calculation of transport in WBSL's,
taking into account tunneling and phonon-assisted transitions
between adjacent QW'’s, but still completely neglecting dis-
order. In Sec. lll the influence of disorder is included by
using suitable averaging procedures. We treat explicitly two 2|
interesting examples and compare the results with experi- | — == N eFds2
ments. The first WBSL consists of a sequence of parabolic d
QW's (grown by the “digital alloy” techniqué®). This struc-
ture is particularly suitable for the observation of resonances
in the current-voltage curves. Current peaks are expected F|G. 1. The DQW potential in the presence of an external po-
each time theeFd amounts to a multiple of the harmonic- tentialeFz (dashed ling The minima of the leftfull line) and the
oscillator energy: w of the parabolic QW's. The disorder in right (dotted line QW are shifted up or down, respectively, by an
these WBSL's can be modeled for the “digital alloy” tech- amount ofe Fd/2. For sufficiently low fields this applies also to the
nique. It turns out that the broadening due to disorder can benergies of the subband edgé&s,,. It should be noted that each
less thanfiw and current peaks are both expected and, iQW is defined on the entire Hilbert spapeith V,(z)=0 for z
fact, experimentally observed. The second example of &0 andV,(z)=0 forz<0]. The same is true for the corresponding
WBSL is a 8-n-i-p-i superlattice. In this case the potential Wave functions.

fluctuations originate from the random distribution of the ] } ) i
ionized donors and acceptors within the and p-doping ~ Single barrier from left to right for a suitably defined double

planes. They turn out to be very large. As a consequence w@lantum well(DQW), as shown in Fig. 1 for the case of
find, both theoretically and experimentally, that the disordefriangular wells.

completely obscures the current peaks which would be ex-

pected in the absence of disorder. A. Electronic states

In principle, the sequential tunneling mob‘eis appropri- The potential operator of the total two-well system can be
ate for describing electron transport in wide barrier superlat-sp"t into three parts: a contribution from each of the QW’s

tices for arbitrary fields. However, the inclusion of disorder|abe|ed\/§:I _ for left and right(see Fig. 1, and an addi-

effects is more easily performed in the model proposed in th ; ; _\/LA__y/LO o )
following. fional interaction termVpp =V, + Vg containing the con

tribution of acoustical- and optical-phonon processes, i.e.,

—_—
’

Energy

Direction of Growth (z)

Il. THEORY OF TRANSPORT IN AN IDEAL WEAKLY V(1r,2,1)=V|(2)+ V,(2) + Vp(r,z,1). (1)

COUPLED SUPERLATTICE
Areasonable set of basis functiogsg,(r,z) is formed by

We assume a superlattice with peridcconsisting ofN  the hound eigenfunctions of the unperturbed single QW's,

n-doped contact layers. The shape of the potential could bgmes plane waves corresponding to the free motion parallel
arbitrary, but in the following we will consider explicitly o the layers:

only triangular (shown in Fig. 1 and parabolic potential

wells. Furthermore we assume a constant electron density benk(1,2)=(r,2]énk) = thn(2) - €'X". 2
n® to be present in each potential well. In the case of the
5-dopedn-i-p-i structuren® is given by the difference be- ~ Note that only the wave functiong;,(z) of the same QW
tween the doping densities?) andn{? in then andp layers, ~ are orthogorjal to e_ach other, whereas any two Wave_func-
respectively, tions belonging to different QW’s have a finithough typi-
cally very small overlap. This overlap is responsible for the
n@=n@—nf possibility of transitions between the left and right QW. For

. . . the statesink) the potentiaV,(z) represents a perturbation
In the parabolic wells it can be due to a weak uniform 3ink) P r(2) rep P

: . and, vice versa\V,(z) for |rnk). Thus, this choice of
n-background doping, for example. Finally, we assume thaV(r 2,t) yields in the solution of the Schedinger equation
the potential drop due to an applied voltddds distributed botﬁ ('momentum—conservingunneling terms of the type
uniformly across the superlattice, resulting in a unifder-

terna) field F=U/Nd, from which a potential drop per pe- (rmk’|V{/Ink)=(rm|V{In) &,

riod of eFd=eU/N follows (we neglect space-charge effects . ) ) T ]

in the contact layejs The continuity condition for dc trans- which contain the static potential of the neighboring wells
port requires that the current between any two neighboringhereVe=V:(z)] and time-dependent terms of the type
guantum wells of the structure will be the same. Therefore, it Joh hoi

will be sufficient to evaluate the current density through a  (FMK Vg e lInk) = (rm|Vg"e'9=4|In) &y +q,
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originating from the electron-phonon interaction, th’@é‘ B. Transport mechanism

denotes the Fourier component of the electron-phonon inter- The evaluation of the probability rates of first and second
action potential corresponding to the momentum trangfer order is complicated by the fact that the states forming the
involved in the transition. _ basis are neither orthogonal nor complete. In principle, the

The probability —amplitudes for the first-order jnflyence of the nonorthogonality could be corrected by a
transitions, ayix_rrk(V,), or second-order transitions, matrix inversion that decouples the probability amplitudes.
ik rik (V. V,), for an electron crossing the barrier from The implications of nonorthogonal basis states in a two-well
an initial subband state on the |¢ﬁk> to a final state at the System were discussed in more detail by Prergale
right|rfk’) via the interaction processgsor w,v are evalu-  Here, its consideration leads to small correctibhshich are
ated using time-dependent perturbation theory. The transitioqeglected in the following. The bound states are comple-
rate up to second-order perturbation theory becomes mented by continuum states, taken as three-dimensional
plane waves, to approximate a complete set of basis func-
tions.

Another modification arises from the nonparabolic disper-
sion relations, which is taken into account by an energy-
dependent effective mass within the barrier according to the
increasing influence of the valence baflight holeg onto
the states in the conduction batid:

2
Wiik—rfk! = E alikﬂrfk’(v,ud)+a1ikﬂrfk’(v,unvv)
1134

NE |a1ik~>rfk’(v,u)|2
§2

=Wk’ (V)

V(Z)_Ez
m(E, )~m*| 1-0V(@D)~E g, ()

+E |ai —r (v ’Vv)|2’ 9
<~ lik—rfk I (3)

whereEg is the band gap of the bulk material.

Tunneling has to be treated differently in a perturbation
whereV,, denotes the various interactigtunneling or pho-  series: because of tunneling between two bound states being
non) potentials involved in the transition. For the sake ofan intrinsically oscillating process, there is no contribution
simplicity, the interference terms between different pathsrom the first-order tunneling terms nor from any term of
from a given initial to a final state are neglected. Proofinghigher order containing only energy- and momentum-
that most of these contributions are ruled out because afonserving processes. Higher-order terms involving scatter-
energy and momentum conservation is straightforward, buing and tunneling have to be corrected by a tepm (1

=Wilik—rfk’ (V;l, ’VV)

fairly tedious.

The current densit}'7 is obtained by multiplyingvi,_ rfk’
with the occupation probability of the initial statg;,, the
probability of finding the final state empty (if ), and
subsequent summing over all initial and final states:

J?:e% Z Fri(L=F i ) Wik rpie - 4
fk’
Similarly, the opposite currenf,, is expressed as
j=e> % fror (1= i) Werkr —iik ©)
fk’

andj =f—f gives the total current. Heré,, andf ., can
be expressed by the equilibrium distribution

e f

h2k?

m*

-1
+1] . (6)

+ 75/ )~ which compares time scales of the intrawell scat-
tering process with that of the tunnel oscillatiorr, . This
term essentially suppresses the Lorentzian sidebands of the
resonant tunneling transition.

The first-order intrawell transition rat& (= ¢) and inter-
well transition rate £’ # £) via acoustical- or optical-phonon
scattering is obtained using Fermi’s golden rule:

2 Y .
Weik— ik (Vph) =7 Eq: (£ f|Vqe™'977 &i)|?

X

11
nq+ Eiz 5k,k/+qH

X&(Egrfkr_Egikihwq): )
whereq=|q|= \/qf‘ +0? and ng=[expfiw,/KT)—1]* is the

occupation number of phonons according to the Bose-
Einstein statistics; the upper sign corresponds to the emission

Note that the translational symmetry of the system results if phonons. In the usual approxiLrTA1ation, we take bulk phonon
E,n=E;,x—eFd. The continuity condition for the current, modes and the dispersiofhw, =7%csq for acoustical

in turn, requires

d%k
(2m)?

d?k’

-3 | Gotme3 |

from which ®,=®,—eFd follows.

2
fik=n{>,

phonons andwgo=hw0~36 meV for optical phonond/,
depends on the type of phonons considéfed:

D24
LA_ A
Vh= \/chsq' 9
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where D, denotes the deformation potential of acousticalsecond-order transition rate of crossing the barrier from the

phononsp the mass density, are} the velocity of sound in initial state|¢ik) to any state of the other wefi becomes
the medium. For longitudinal optical phonons we use the

NP Y]
Frohlich interaction: wer(VeV )
ezh(,() 1 1 1 ra V3l & 2
VEO=in/ 0(___ %, (10 -y [(En| Vil &) B
2 € € q +q0 n Ti’"k (Egi_Egn)2+(h/Ti,nk)2
wheree,e,, are the low- and high-frequency dielectric con- relaxation nant mneling

where 1f; . (corresponding to the unspécified quantity1/
rocal screening length. in the discussion aboyés the intrawell scattering rate from
the virtual intermediate state to all unoccupied final states.

From the matrix elements in E() it is evident that the Thereb oF~7/ hich b rictl ‘
interwell transition rates’ # ¢), which contribute directly . ereny, we SeL~=n/i nc, W 'Cf ecomes strictly accurate
ddn the resonant situatiork ;= E,, the case of the largest

to the transport, are typically by many orders of magnitu d tributi
smaller than the intrawell transition rate§ € ¢£). The latter COT fl udloni t for th tributi f iers th
ones contribute to transport only indirectly but they are very h order to account for the contribution ot carners ther-

essential. They allow for inelastic intrawell scattering and,.maIIy activated into continuum statée., E,>0), the model

thus, for energy relaxation processes with a scattering rats exter_1ded to allow for charge t'ransport CaT”eO.' by. three-
1/z,. Only these processes make tunneling between boun! mensional states. Thermally activated hopping is given by

states possible, as mentioned before.
Compared to the first-order contribution, the second-order jtgrLE(F):eE ve(k) fack(1—Tac), (14)
scattering process by two phonons of arbitrary type is negli- kz k ‘ ‘

gible. The second-order phonon-assisted tunneling processﬁﬁ]erevf(kz)szIZd denotes the classical frequency associ-

turn out to be the dominant contribution to the transport,:.q \ith the group velocity,, =7k, /m* , which is related to

(&'#8): the z component of the kinetic energyvith respect to the
Wt (Ve Vgn) bottom of the well by

stants/ wg is the optical-phonon energy, ang is the recip-

21 k,=\2m* (E,+ VT eFd2)/%, (15
=7 > O(Egri —Egkthog) . .
q where the upper/lower sign corresponds to the left/right well.
o Q2] £ gt T At high fields the occupation factor of final statég  is
% 2 (¢'fk |qu #|€"nk")(€"nk |V§§|k>‘ . negligible, whereas it is compensated by the backward cur-
k" Esk—Egnr+iT ‘ rent at very low fields. Thus, we obtain a Richardson-like
expression,
(11
Here, the broadening parameleexpresses the fact that the .th em*kT (= E,—®;
intermediate statdg”nk”) exhibit a finite lifetime, which in Jed ):mﬁ) dEln 1+ex% KT ”
turn is roughly given by the first-order intrawell phonon- (16)
scattering timerg, which takes place between two subbands
of either the left or the right QW. Note in this approximation the field dependence of the ther-
In our case the summation over all intermediate statesnally activated current!™(F)=j — | is only due to the field

[£€'nk”) in Eq. (12), which usually represents a major prob- dependence ob, and ®, .

lem when evaluating second-order matrix elements, is

largely reduced by the fact that the number of allowed inter- C. Results
mediate states is reduced to a few, energetically well-

separated terms due to theconservation required for the Figure 2 shows a theoretical current-voltage characteristic

tunneling process. of a perfect superlatticéSL) with nominal valuesn?) =4
X 10" cm 2, n?=3x10? cm 2, and d=40 nm at a
Wi gtk (Ve, Vipn) temperaturel =4 K. The contribution from first-order pho-
iy N non scattering to perpendicular electron transport exhibits a
_2m D (&'f|Vqe™'e |§”n><§”n|V§§|)‘ steplike electric-field dependence. The steps correspond to
T oA ~ E,..—E +iT ’ the increase of available final states, whenever a subband
a &k gk~ Egrpgr T ) S ; ;
edge on the right side is pulled below the chemical potential
X 6k,,,k,qu5k,ku5(Eg,fk,— EckThwg). (12 on the left. At elevated temperatures the steps vanish as the

Fermi distribution function becomes smoother. As expected,
Obviously, tunneling takes place between different wellsthe model predicts sharp peaks when two energy levels be-
which gives&”# £, and relaxation is dominated by intrawell longing to adjacent quantum wells are brought in resonance
phonon scattering, which yields = £”. After further evalu- by an electric field corresponding teFd=AE;;, where
ation of Eqg.(12) and summation over all final states, the AE;; is the energy difference between the initial and final
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eFd (meV) subband states can still be expressed locally as a product of a
w0 2 ® 0= ™ zdependent envelope functiog,,(z) and a plane wave
_______ assisted tunneling e'¥'. Consistent with these assumptions, the disorder can be
constant T — taken into account by simply solving the one-dimensional
-------- via optical phonons o Schralinger equation for a sufficiently large number of
oty " & acoustical phonons pointsr (or for the central point=0 in a sufficiently large
number of configurations This results in a probability dis-
tribution g,(E) for the subband energids, and the corre-
sponding envelope functiong,(z). For the calculation of
transitions between different layers it is assumed that the
probability distributions in different layers are uncorrelated,
which appears to be a realistic assumption. In this model, the
- r 2% k vector is strictly preserved in tunneling processes, which is
_é;;;:'; rryey of tremendous help in performing transport calculations. One
h L =~ = o has, however, to bare in mind that this assumption becomes
Electric field (kV/cm) increasingly doubtful in the case of increasingly strong lat-
eral disorder, where the in-plane part of the electron wave
FIG. 2. Contributions to the ideal current-voltage characteristicf,nctions becomes strongly localized. Nevertheless, even for
of a wide barrier SL with triangular wells at low temperatuf® ( this case this model has provided excellent quantitative
=4 K). The dominating second-order assisted tunneling process iﬁgreement between experiment and theory without any fit-
considt_erably simplified by assuming a constBnfor the intrawell ting parameter for the case of the luminescence specira in
scattering processes. n-i-p-i doping superlattice¥’. For the calculation of the cur-

. _ _ rent, a (-independent “global” Fermi level ®,=®,
subbands andf. The width of the resonance peaks is due to_— £eFdis assumed for théth potential well. It is important
the finite lifetime of the levels caused by the interaction W|tht0 note that due to the uncorrelated Spa’[ia| f|uctuationsy the
acoustic- and optical-phonon modes. The broadening is weg“gnmem oflocal energy subband&,(r) andE,, 1,(r) is
below 1 meV. . “no longer aé function of the electric field but it will occur

The calculation of the second-order tunneling process igyith a certain probability at some field within a range of
accelerated by orders of magnitude by assuming a constapbtential dropse Fd which depends on the width of the dis-
intrawell scattering timd™. From Fig. 2 we see that the cur- ipytion functiong,,(E). The probability of finding the ini-
rent density is overestimated for low fieldsRd<%wo). For gl state occupied and the final state empty, however, de-
higher energies, and in part_icular_, clqse to the resonances, ”ﬂ)%nds on the distance from the respective global Fermi
agreement of both curves is satisfying. In terms of calculajeye|s, Averaging over all the local characteristiosover all

tion time, thi; {approximation is.a_ pre(equisite for the Simu'the configuration&) gives the macroscopic quantity, e.g.,
lation of realistic structures exhibiting interface roughness or Lol IGN
doping-induced disorder. In the following a constant scatter:[he current density; (F) =N""2z_,j(F).
ing time is used in the evaluation of the tunneling current and

the weak nonresonant background of phonon scattering will A. Interface roughness

be neglected.

Current density (A/cm?)

o W~ A T
0ol

We consider an AlGa _,As/GaAs compositional super-

lattice with a periodic parabolic potential whose barrier
Ill. INFLUENCE OF DISORDER height and. period are §imilar to corr('asponding.vglues of a
typical doping superlattice. As we are interestedunipolay

In this section the theoretical model is applied to twoelectron transport only, the contrary shapeposit¢ modu-
different wide barrier superlattice structures with both a dif-lation of the valence-band edge is of minor importance. The
ferent shape of the quantum wells and a different origin ofsample is assumed to be grown by the “digital alloy”
the disorder. The design of these superlattices correspondschnique'®*® The superlattice has a nominal period of 40
closely to that of the structures experimentally investigatechm and consists of AlL,Ga As barriers and GaAs wells
later on. In Sec. 11l A the parabolic potential for the electronswith an underlying superlattice period of 2 nm and a para-
and the disorder is created by variation of composition in aolic variation of the barrier-to-well thickness ratigee inset
digital alloy. In Sec. Il B the quantum wells originate from in Fig. 3).
the space-charge potentials ifadopedn-i-p-i superlattice The disorder effects in this structure are assumed to result
and the disorder is due to the statistical distribution of theonly from interface roughness. In order to simulate this kind
dopands within the doping layers. The specific disorder poef disorder we allow for each period of the superlattice ran-
tentials are taken into account within the so-called localdom fluctuations of the barrier thickness iyl ML (at the
guantum-mechanical model similar to the one developed byispense of the corresponding well wigltin Fig. 4 the
Metzneret al'® for the case of luminescence in doping su- broadening of the energié, of the bottom of the subbands
perlattices. In this model the assumption is being made thasbtained from an evaluation of this model is depicted. In our
the three-dimensional fluctuating potentM(r,z) changes calculations interface roughness gives rise to a quasi-
slowly with regard to the lateral direction Therefore, the Gaussian weak inhomogeneous broadening of about 10 meV,
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Direction of Growth z (nm) FIG. 5. Cross section of the conduction-band edge, modulated

by the space-charge potenti&lx,y,z) of a p-i-n-i-p-i-n-i-p struc-
ture shown fory=y0=const(the first and the lagp layer are as-

height=324 MeV, grown by the digital alloy layer growth tech- .
. h . . ~ sumed to be uniformly doped, whereas the dopands are randomly
nique (the black stripes in the inset represent thg ASla, /As bar distributed in then and thep layers. A cluster of doping atoms form

riers and the white regions the GaAs wells. Two wave functions to : . ; ;
- i ; sharp spikes and local voids form wide saddle points. The fluctua-
the digital parabolic potential are shown.

tions in the range of 100 meV are comparable to or even exceed the

. . . . . subband energy differences.
which is relatively small compared with the harmonic-

oscillator energy spacing of 34 meV and in good accordance. o .
with literaturer’ In addition, the results do not show a Stricted to one monolayét,should exhibit minimal doping-

subband-dependent broadening. induced disorder effects. In our simulations, the donor and
acceptor doping atoms are assumed to be statistically distrib-

uted within the respective doping planes. In fact, ordering

B. Doping-induced disorder during the growth process, due to Coulomb repulsion of

The real potential in a doping superlattice differs signifi- dopands? generally does not seem to play a significant role.
cantly from the (usually considered averaged potential N Fig. 5 a cross section of the conductl_on-band edge, modu-
V;(2), obtained with uniformly distributed space charge oflated by the space-charge potential(x,y,z) of a
the dopands“jellium model” *%) because of the random dis- P-i-n-i-p-i-n-i-p structure, is shown foy=y,= const(the
tribution of the dopands on the corresponding lattice sites ofirst and the lasp layer are assumed to be uniformly doped,
the host material. This type of disorder is an intrinsic featuravhereas the dopands are randomly distributed inrttead
of the doping process itself and strongly influences opticathe p layers. This figure is very instructive. First of all it
and electrical propertiéof n-i-p-i crystals® According to  depicts the strong and uncorrelated potential fluctuations

Schubertet a|_20 5_doped Structures' Wlth dop|ng |dea”y re- C|Ose to the two donOI’ |ayerS. Here- the potential ﬂUCtUatian
are partially screened by the mobile electron charge which

010 resides preferentially in the regions of above-average donor
| density(“clusters”). Second, we see that the fluctuations of
A : { the height and shape of the potential barrier created by the

FIG. 3. Parabolic potential-well samplel=40 nm, barrier

0.08

1 o (negatively chargedionized acceptors are even more pro-
H ﬂ j% T nounced, as there are no holes in thé&ayers which could

008 locally screen the acceptor space charge. Third, we see, with
I é f L % g ?i ; regard to the influence of the potential fluctuations on trans-
004 F port, that the regions with below-average acceptor density
002 1 @ j % ; 1 tains where tunneling is much more probable than on the
1 1 average. Moreover, this has a particularly pronounced effect
[ g U w L ] on thermally activated transpdrt.
oo As mentioned at the beginning of Sec. lll, there are two
methods to obtain the random potential. Instead of arranging
the dopands on macroscopic layers as depicted in Fig. 5, in
order to obtain quantitative results, it is numerically more
FIG. 4. The simulation of interface roughnesspfl ML re- efficient to distribute dopands on a large number of relatively
sults in random subband fluctuations of the energigsf the bot-  Small configurationgdiameter~50 nm) and to compute a

tom of the subbands of about 10 meV. The broadening parametegotential profileV¢(z) along the centrat axis (see Fig. & of
', shows almost no dependence on the subband erigrgy each configuration.

(“acceptor voids”) represent saddles of the potential moun-

Probability %, g (E) (meV")

0 50 100 150 200
Subband energy (meV)
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FIG. 6. Procedure to create the local potential profile for a spe- ” ’ Subband1:ergyE(n\eV) 250 B

cific configurationV(z): (a) the (infinite) homogeneously charged

doping layer provides théaveragg jellium potential, (b) the aver- FIG. 7. The Ioc_al ;ubband shows fluctuations pf several tens of
age potential of a finite homogeneous circular digiameter meV. The arrows indicate the subband energy without disorder. In

~50 nm) is cut out and its contribution to the potential is sub- contrast to the previous situation of the parabolic structure, the sub-
bands are not well separated. Other features of this type of disorder
are the increased broadening of low subbands and the asymmetric
shape of the probability functions corresponding to the localization
of electrons.

tracted,(c) the fluctuating potential due to a disc of the same diam-
eter with randomly distributed dopands is inserted and its contribu
tion to the potentiaV/z(z) is added within the previous disc, att)

the relevant charge distribution for the local potential profile is

along the centrat axis V¢(2). o o
¢ be sufficient. From the random distribution of dopands and

Screening effects of excess carriers in théayers are the subsequent computation of screened potentials~, we ex-
taken into account by linear screening for the donors, using #tact a large number of potential profilésonfigurationsc).
Yukawa, instead of the Coulomb, potential. The potential of Figure 7 is the homologue to Fig. 4 for the subband-edge
a single donor is then given by energies in the case of doping-induced disorder for rihe
layer of as-doped superlattice with nominal valug§)=4
X10% cm 2, n{P=3x10"2 cm 2, andd=40 nm. Obvi-
ously, the effect of disorder in a doping superlatiibsL) is
) ) ) ] much more drastic compared to the previous case. In particu-
where the screening length is approximated by the isotro- |5r we note a very strong broadening of the lowest subband

- e

4meey |R|

~RILg

V(R)= 17

pic Thomas-Fermi screening length &t 0 K: edge, which results from the fact that the wave function is
6 strongly confined to a narrow region close to the center of
eeqmh?[ the n layer where the potential’z(z) exhibits the largest
L=\ S , (18) : i :
e?m*. | 3n® fluctuations. These strong fluctuations are the physical reason
eh why the effects of resonant tunneling will turn out to be
wheremy ,, is the averaged electron-hole mass. completely obscured and NDC will not be observable even

Screening of the acceptor potential is achieved by &an measurements at low temperatures, where only the lowest
method based on mirror charges: it is well known that thesubband is occupied.
electric field of an electric charge next to a metallic plane can
be computed by assuming a mirror charge. We apply this C. Comparison with experiment
idea to obtain a simple and fairly accurate description of
screening effects of the ionized acceptor charges inpthe
layer by mobile electrons in thelayers. If the concentration

Current vs voltage measurements were performed at vari-
ous temperatures between 16 and 300 K on mesa-shaped
of excess carriers in the plane is sufficiently large to allow Wid? barrier superlattice samples with different superlatticg
for a lateral displacement of electrons, thdayer can be design. Here we report on a sample with three p_arabohc
approximated by a metallic plane. The screening of théo‘lo-“_GaO-.GAS quantum wells and another one W'.th 11
charges in th@ layer is then calculated by assuming a mirror 9-1-P-i periods. The quantum well structures were imbed-

Y ith llv distributed ite ch in the di ded betweem-doped contact layers. A detailed description
p layer with equally distributed opposite charges in e dis-o¢ o sample design, the molecular-beam epitaxy growth,
tanced. As we have twon layers within our structure, we

and sample processing will be given elsewhére.

obtain an infinite arrangement pfandp layers. The poten- Figure 8 shows theoretically calculated and measixéd
tial of a single acceptor atr(z=0) is then written as characteristics of the parabolic heterotype SL at low tem-
. perature, T=16 K. At this temperature, transport is essen-
e (=" tially only due to tunneling. The theory is in good agreement

V(r,z)= (19

dmeeg n;w JrZ¥(z—nd)?’ with experiment, with respect to the exponential average in-
crease of the current density, and the absolute values, as well

wheren denotes the order of mirror planes considered. Theas with regard to the peak positions. The Fermi level was

potential series rapidly converges and ten orders turn out tased as a parameter in this special case of an undoped struc-
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FIG. 8. Comparison of theoretical simulation and measurement . ) .
of current density versus electric-field characteristics measured at a FIG. 9: Comparl_son _between theo_ret_|ca| and experimental cur-
sample with three parabolic quantum wells at five different tem-T€Nt density vs applied field characterlstlc§ for the te_mperat_ures 16
peratures, as indicated, with a theoretical simulation for low tem-K' 100 K, a?g 200 K f(2)r aiszample \g')th 11 perlozds ngh
peratureT=16 K. The parabolic wells correspond to those of Sec. ~ 368 NM, Np*=7.2x 10" cm™?, and ny?=3.35< 10" cm" %,
Il A. Barrier height, given by the maximum aluminum content, and The theoretical curves represent an average ovecdiifigurations.
period of the structure enter the calculation. In this case the Ferm{/e OPserve excellent agreement between measured and calculated

level was used as a parameter in this special case of an und0pga.’;\racteristics over a wide range of fields and temperatures. The
resonant character of the tunneling process almost completely van-
structure. pletely

ishes. Below about 50 kV/cm and 100 K tunneling represents the
dominant transport mechanism. The deviations at high fields indi-
ture. The resulting electron density??=1x10?> cm 2 in  cate field-induced electron heating. The assumption of a Fermi-
the inner parabolae implies only minor distortions of the totalDirac distribution with the lattice temperature does not hold any-
potential by space charges. The predicted resonant structufore.
in the current density foreFd=nfiw=nXx34 meV is
clearly reflected in the measurements. At low fields and londgreement in accordance with both luminescence and trans-
temperatures the subband structure cannot be detected as Bt experiments after a few iterations.
currents are below the noise level of the pico-Amperemeter. Figure 9 finally shows quantitative agreement of the theo-
Because of the approximately equidistant energy levels in theetically calculated and the measured current density vs field
parabo"c quantum wells the resonances, in particu]ar thos@haracteristics of the ll-period DSL. For the calculations the
corresponding to low inder, are observed up to fairly high design parameters resulting from the luminescence studies
temperaturesT =100 K. Beyond this temperature unbound Were used. No further parameters were adjusted. Therefore,
states take over the major contribution. the good agreement over many orders of magnitude and over

The deviations at higher fields as well as a less good Wide range of temperatures is quite remarkable. The fact
agreement at elevated temperatures arise from the fact thitat even the weak structure due to resonant tunneling which
the sample is undoped and the free-carrier density thereforg Still expected from the theory is not observed in the ex-
depends on the injection current through the first barrier. IfPeriments indicates that the role of doping-induced disorder
this case the assumption of a fixed Fermi level is no longefay even be larger than expected from our model.
valid and a more rigorous treatment of this structure is
needed to account for this effect.

Because of the triangular shape of the barriers, the theo-
retical current-voltage characteristics of DSL samples is ex- In conclusion, we have investigated the influence of two
tremely sensitive to small changes in the sample parameterdifferent types of disorder, namely interface roughness and
i.e., the periodd and both donor and acceptor densities.doping-induced fluctuations on vertical electron transport in
Whereasd can be controlled quite accurately, the barrierweakly coupled SL's. Our results indicate that doping-
height depends also on the less well-controlled doping dernnduced disorder effects prevent the formation of negative
sities. Therefore, we have determined the actual doping demifferential conductivity in then-type DSL, whereas inter-
sities from a combined experimental and theoretical study oface roughness in a heterotype SL permits the observation of
the strongly intensity-dependent luminescence spectra. BWNDC. Accordingly, the inhomogeneous broadening is found
calculating the photoluminescence sigfege the Appendjx to be much more pronounced in a DSL than in a heterotype
using the same approach for the electronic structure, includSL, despite their similar conduction-band shape. While in the
ing disorder effects, and with adjustable doping densities, wéatter case interface roughness leads to values of about 10
were able to find a set of doping parameters which onlymeV, doping-induced disorder easily exceeds a 50 meV
slightly differs from the nominal values but which provides broadening of the confined states, though we chose the

IV. SUMMARY
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S-doped structure that is supposed to minimize disorder efp-doping density, which determines the barrier height. In or-
fects. der to compare theoretical and experimental findings, it is
In addition, together with photoluminescence spectra, th@ecessary to verify the superlattice parameters, which enter
results for DSLs allow the verification or calculation of the simulation, by means of additional measurements. We
nominal sample parameters and lead to a consistent pictufieasured photoluminescence spectra and performed simula-
of a vertical transport mechanism in the DSL. In a typicaltions, again within the local quantum-mechanical model, us-
DSL the electronic transport is carried by tunneling transi-ing the same set of doping parameters as were used for the
tions at fields up to 50 kV/cm and temperatures below 10Q,5v/ characteristics.
K. Beyond these limits thermally assisted hopping is found p e to the spatial separation of the electron and hole

to be the dominant transport channel. wave functions, photon-excited carriers in DSL's exhibit a
very long recombination lifetiméup to milliseconds Thus,
ACKNOWLEDGMENTS after an excitation of a laser pulse the electron and hole dis-

We wish to thank S. Rott and C. Metzner for numeroustrIbUtlons are de_couple_d _and relax mdep_endently towards
hermal distributions within each conduction and valence

stimulating discussions. This work was financially supporte - : . .
g y Supp and, which may be characterized by quasi-Fermi levk|s,

by the Deutsche Forschungsgemeinschaft. e ) )
y gsg and ®,. The excitation level is defined bA®, =d,
-d,.

p

At low excitation a few electron-hole pairs will be created
which hardly influence the space-charge potential. The re-

Due to the triangular shape of the barriers the currentsulting luminescence spectrum will therefore peak at the fun-
voltage characteristic of a DSL is very sensitive to thedamental effective band-gap energy of the DSL, which de-

APPENDIX: PHOTOLUMINESCENCE SPECTRA OF
6-DOPED GaAs SL's
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termines the dark current-voltage characteristic. Thds adjusted until the experimental saturation energy is repro-
effective band gap directly gives the barrier height, fromduced by the theoretical shift. Then, the period of the SL is
which thep doping is deduced. On the other hand, a highlyoptimized by adjusting the slope of thesV curves. Finally,
excited DSL will eventually show the band gap of the bulkthe n doping gives the absolute value of the current density.
material, here GaAs, as the large density of electrons andfter a few iterations a set of doping parameters is found in
holes completely screens the doping-induced space-chargecordance with the experimental photoluminescence and
potential. measured electrical current densities.

To know whether the excitation level is sufficiently lowto ~ The DSL investigated in this paper shows a good agree-
observe the ground-state effective band gap, a series is takement of the upper graphs of Figs. (4D and 1@b) corre-
of spectra of varying excitation intensities. Starting from asponding to theoretical and experimental values of the satu-
value up to the band gap of GaAs, the peak of the spectreation energy as well as a quantitative agreement of te
will redshift until it reaches the effective band gap, where itsV curves in Fig. 9 by using
position remains nearly constant while the intensity drops

due to the decreasing number of electron-hole pairs. d=36.8 nm, n)=7.2<10"? cm™?,
The lower graphs in Figs. 18 and 1@b) show the cal- @) N
culated and measured redshift, respectively, of the normal- ny’=3.35<10" cm

ized luminescence signal with Qecreasing_ excitation, whereafsiead of the nominal values

the upper graphs depict the shift of the high-energy shoulder

at a value of 80%. The photon energy, where the peak posi-d=40 nm, n®=4x10'2 cm 2, n@=3x102 cm 2

tion remains nearly unchanged, corresponds to the effective

band gap of the DSL. Due to the existence of tail states Apart from the significantly higher value for thmedoping,

corresponding to potential spikésompare Fig. bit is pref-  which has only a minor effect on the height of the potential

erable to consider the high-energy shoulder of the spectrharrier, the deviations are only about 10%. However, due to

instead of the actual peak position. the crucial influence of barrier height and period, the agree-
In order to obtain the real sample parameters, the meanent between experiment and theory would be very poor

suredl vs V curves and the photoluminescence spectra arédeviations by several orders of magnitidiethe (slightly

compared to their simulated counterparts. First,glimping  differeny nominal values fod and nﬁf) were used.
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