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We have studied minority-carrier electron and hole transport versus temperature (30-300 K) in a
series of undoped, “interface-free,” GaAs/Alj ;Ga, ;As double heterostructures prepared by organome-
tallic vapor-phase epitaxy, with GaAs thicknesses from 0.1 to 10 um. This was achieved using an all-
optical, time-resolved photoluminescence-imaging technique with a spatial resolution of <3 um, tem-
poral resolution of ~50 ps, and spectral resolution of <1 cm™!. This technique allows direct deter-
mination of minority-carrier transport properties, and is superior to electrical transport measurement
techniques in that it is contactless, may distinguish between diffusive and nondiffusive carrier motion,
and has high temporal and spectral resolution. We find all transport (electron and hole) in these struc-
tures to be diffusive. Specifically, transport in thick structures ( R 0.5 pum) is hole-dominated ambipolar
diffusion, whereas in thinner structures ( $0.5 pm) we observe a time-dependent transition from ambipo-
lar to electron-dominated diffusion. Minority-carrier mobilities derived from these diffusion measure-
ments, from 300 to ~30 K, are in excellent agreement with both electron and hole majority-carrier
mobilities. Furthermore, fits to the temperature-dependent mobilities yield deformation potentials in
agreement with published electrically derived values.
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I. INTRODUCTION

Carrier transport in semiconductors is most commonly
studied through Hall measurements.!~® This technique
has been used ubiquitously to study majority-electron
and -hole transport in high-purity, bulk GaAs,> un-
doped GaAs/Al ,Ga,_,As quantum wells (QW’s),> 10
modulation-doped GaAs/Al, Ga,_,As QW structures,'!
and two-dimensional (2D) electron and hole gas 2DEG
and 2DHG, respectively) transport in modulation-doped
single GaAs/Al,Ga;_,As heterojunction  struc-
tures.!>”!° Despite the obvious accomplishment of the
Hall technique, there are other measurement techniques
equally capable of quantifying carrier transport. Recent-
ly, an all-optical photoluminescence (PL) imaging tech-
nique, analogous to the classical Haynes-Shockley experi-
ment,?® has been used to measure, directly, carrier trans-
port;”‘24 however, here, in contrast to electrical mea-
surement techniques, the observed transport is dominated
by minority carriers (rather than majority carriers).
Many varieties of this PL-imaging technique, each with
distinct advantages and disadvantages, have been used to
measure transport, including time-of-flight measure-
ments,”> masked-PL imaging,?> and direct-PL imag-
ing.2l:24

In this paper we use an all-optical, time-resolved PL-
imaging technique to study electron and hole transport in
ideal, ‘‘interface-free” GaAs structures. We measure,
directly, the transport of minority carriers and examine,
side by side, our optically determined diffusivities, as
equivalent mobilities, with electrically determined mobili-
ties in comparable structures. Our results, from ~30 K
to room temperature, are in excellent agreement with
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classically derived majority-carrier mobilities. Thus, we
find minority-carrier and majority-carrier transport, i.e.,
holes in n-type GaAs and holes in p-type GaAs, quantita-
tively identical, contrary to some predictions.

II. EXPERIMENT

Our samples were simple GaAs/Al, ;Gay ;As double
heterostructures. Such structures were chosen for several
reasons. First, the wider band-gap Al ;Gag,As layers
effectively confine photoexcited carriers to the GaAs lay-
er, thereby eliminating major nonradiative decay pro-
cesses which may occur at the substrate and free sur-
face. In addition, we find nonradiative decay at
GaAs/Alj ;Gay ,;As heterointerfaces to be virtually
nonexistent in these ideal structures,?® yielding minority-
carrier lifetimes which are extremely long (> 2.5 us) and
PL efficiencies which are very high (10°-10* greater than
for bare GaAs epilayers). Second, Al, ;Ga, ;As layers are
transparent to near-resonant excitation of the GaAs lay-
er. Therefore, photoexcited carriers are generated solely
in the GaAs layer, and our measured results characterize
the transport in the active-GaAs layer only—thereby
eliminating the common difficulty in Hall measurements
of determining the location of the conducting layer or
channel. Lastly, such simple structures ease the interpre-
tation of results. The samples were grown by organome-
tallic vapor-phase epitaxy (OMVPE) at 750°C, at a cali-
brated growth rate of =350 A/min. All layers were
nominally undoped; Alj;Gay,As layers were p type
(~3X10'" cm™?) and 0.5 um thick, while GaAs layers
were n type (~1X 10" cm™3) with thicknesses ranging
from 0.1 to 10.0 um.
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FIG. 1. (a) Experimental setup for spatially resolved PL mea-
surements (L1-L5, lenses; BS, beamsplitter; S, sample; 11,12,
PL images; and R, refractory block). (b) Spatial calibration of
our system, obtained using a quartz disk in place of the sample,
onto which aluminum squares (115X 115 um?, and 50-um spac-
ing) were evaporated (inset); this was then backlighted and im-
aged, while simultaneously focusing the laser to a 3.5-um spot
size on one of the aluminum squares.

Our all-optical technique for time-resolved PL imaging
of minority-carrier transport requires excitation and im-
aging, in a confocal manner, through a specially designed
microscope. Figure 1(a) illustrates the experimental ap-
paratus. A mode-locked, synchronously pumped cavity-
dumped dye laser (tunable from 6400-8400 A) with a
pulse width of ~1 ps was used as a source of photoexci-
tation, with peak excitation densities possibly reaching
~5X 10" cm ™. Lenses L3, L4, and L5 form our “PL-
imaging microscope,” whereas lenses L1, L2, and L3
form our “laser focusing microscope.” The system was
designed with near-diffraction-limit focusing of the laser
beam, magnification (of the PL image) of ~20X, and
light-collecting f-number matched for the composite
optical-imaging system, including the spectrometer.
Scanning of the PL image across the spectrometer en-
trance slit was performed through rotation of a Plexiglas
block, R, and its corresponding refraction of the back-
scattered luminescence. Linearity in the imaging plane
was confirmed over a sample spatial range of +400 pum;
Fig. 1(b) shows such spatial calibration of this system.
For this calibration, a quartz disk, onto which aluminum
squares were photolithographically defined and evaporat-
ed, was placed in the sample position. This calibration
disk was then back lit with white light, while simultane-
ously focusing the laser beam onto one of the aluminum
squares—thus yielding a ‘‘negative” image of the squares
with a “8-function” spike in the center (distance=0 um)
corresponding to the focused laser-beam spot. The re-
sulting overall spatial resolution was ~3 yum—thus near
diffraction limit.

0 2 4 6 8
TIME (us)

FIG. 2. (a) Room-temperature PL spectrum for the 9.82-um
GaAs-layer thickness double heterostructure. Solid line
represents a Maxwell-Boltzmann fit, yielding the electronic tem-
perature 7,. (b) Room-temperature PL time decay for the
9.82-um double heterostructure. Solid line represents least-
squares fit to the data with a bimolecular rate equation, yielding

~ the 2.5-us lifetime characteristic of the exponential tail.

III. ROOM-TEMPERATURE RESULTS

A typical room-temperature PL spectrum, together
with the corresponding time decay from the same 9.82-
pum-thick double heterostructure sample, is shown in Fig.
2. We find relatively intense PL resulting from free-
carrier, band-to-band recombination. Fits to the high-
energy side with the Maxwell-Boltzmann expression—
indicative of thermalized band-to-band recombination—
yield electronic temperatures virtually equal to the mea-
sured and known lattice temperature. Decay kinetics for
these structures are somewhat more complicated and
dependent upon the GaAs-layer thickness, but indepen-
dent of PL-emission energy. We find that all decay kinet-
ics, at all temperatures, are well understood and accurate-
ly modeled by rate equations for free-carrier recombina-
tion?’ (optical properties are dominated by minority car-
riers). Further, lifetimes obtained from fits to the data,
representing the exponential tail of the decay, are ex-
tremely long (22.5 us).2%?” These fully understood de-
cay kinetics, long lifetimes, and high PL efficiencies are
crucial in making possible studies such as ours discussed
below.

Figures 3(a) and 3(b) show time- and spatially-resolved
PL distributions for our 9.82- and 0.30-um-thick double
heterostructures at 300 K. These data clearly show that
the PL distribution, and, hence, minority-carrier spatial
distribution, expands spatially with increasing time. If
this minority-carrier transport should be diffusive, then
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FIG. 3. Room-temperature time-resolved PL distributions.
Solid lines represent Gaussian fits to data, with FWHM vs time
shown. (a) Results for double heterostructure with 9.82-um
GaAs-layer thickness; (b) results for double heterostructure
with 0.30-um GaAs-layer thickness.

its spatial distribution should evolve in time according to
the appropriate diffusion equation. Because our imaging
technique only resolves the in-plane (parallel to the
heterointerface) motion of carriers and our observed
transport occurs over distances much larger than the
GaAs-layer thickness, we use the cylindrically sym-
metric, two-dimensional diffusion equation,

D) — (s, )— 2EL (1)

to model the observed transport. The time-dependent
minority-carrier spatial distributions may be obtained
analytically from Eq. (1) as

(0) Adpo
r,t)= e
P 4Di+A2° P

2

4Dt + A2

exp

~i], 2
-

where A, is the initial (=0) minority-carrier distribu-
tion, D is the diffusion constant, and 7 is the minority-
carrier lifetime. Here, we have assumed, for simplicity,
that minority carriers decay exponentially. This is clearly
not the case for all of our structures at all temperatures
(e.g., bimolecular decays—see Fig. 2). However, we find,
through numerical modeling, that with our experimental
conditions these additional complexities yield virtually
negligible modifications to the spatial distributions, in
agreement with Olsson et al.?' Further, such Gaussian
distributions accurately model our data, indicated by the
solid lines in Fig. 3. Most conspicuously, observed
minority-carrier distributions expand macroscopically
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FIG. 4. Gaussian PL FWHM squared vs time A(t)?, for all
GaAs/Alj ;Gag ;As double heterostructures at room tempera-
ture; lines represent fits to the data, as discussed in text.

from an initial full width at half maximum (FWHM), A,,
of ~4 yum to over 300 um during the minority-carrier
lifetime.

We may further quantify these data by plotting the
squared PL FWHM versus time, A%(¢), after the laser
pulse, with results for all samples studied shown in Fig. 4.
For diffusive transport, and corresponding Gaussian spa-
tial distributions, A% should vary linearly with time as

A%(t)=[161n(2)]D,t +41In(2)A3 . 3)

Figure 4 shows that our transport data are not linear
versus time for all samples, but are for some, with clear,
systematic trends for decreasing GaAs-layer thicknesses.

Results in Figs. 3 and 4 seem, initially, to be somewhat
contradictory. The rigorously Gaussian PL distributions
of Fig. 3 reflect the occurrence of diffusive transport for
the relatively wide structures of GaAs thickness = 0.30
pm, whereas more nonlinear behavior found in Fig. 4 for
some narrower GaAs layers does not. All of these results
may, nonetheless, be understood in the context of Egs.
(1)-(3), by taking into account the time-dependent (and
carrier-density-dependent) ambipolar diffusion constant
D,. The ambipolar diffusion constant may be expressed
as

[(n+ny)+(p+py)ID,.D,

D,= ) 4
® A(n+ny)D,+(p+py)D, “@

where D, (D,) is the electron (hole) diffusion constant, n
(p) is the photoexcited electron (hole) density, and ng (py)
is the built-in electron (hole) density. Equation (4) shows
that D, depends not only on the electron and hole
diffusion constants, but the “relative” densities of elec-
trons and holes. For nearly intrinsic or high-purity ma-
terial (n=p and ny=p,=0), D, is dominated by the
smaller diffusion constant D,. Additionally, Eq. (4)
shows that D, may be time dependent due to the time-
dependent electron and hole densities and the nonzero
built-in carrier densities. Such carrier-density- and time
dependences may be accounted for by including (1) the
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time-dependent photoexcited carrier densities obtained in
our kinetic measurements, and (2) the static built-in car-
rier densities. In so doing, we find that the data in Fig. 4
may be accurately modeled in this way, with best fits
shown as lines in the figure—thus reconciling the initial
apparent discrepancies between Figs. 3 and 4, and
confirming truly diffusive motion. We also find that the
built-in hole density in the GaAs layer is not constant
versus GaAs-layer thickness, but drastically increases in-
versely with GaAs thickness to ~1X10'® cm™3 for
sufficiently thin structures ( $0.1 um), whereas p,<ng,
for thicker structures, consistent with our estimated com-
pensation ( ~40%).%

In totality, these results are consistent with the materi-
al parameters we have independently determined for
these structures, and are interpretable as an effective p-
type modulation doping. With the known doping level
and thickness of each layer of our structures, the p-n
junction depletion width in the GaAs layer is ~0.5 pum.
Thus, holes from Al ;Gay ;,As layers may accumulate in
the GaAs layer for GaAs layers thinner than approxi-
mately twice this depletion length (two interfaces). This
is analogous to modulation doping, wherein majority car-
riers in the active layer originate from dopants (either in-
tentional or residual) in another layer of the heterostruc-
ture. Accordingly, thick structures (X 0.5 um) are in-
herently n type, whereas thinner structures ($0.5 pum)
are modulation-doped p type, and the minority-carrier
species changes from holes to electrons for sufficiently
thin structures ( 0.5 um). Thus, we observe a time-
dependent transition from ambipolar- to electron-
dominated transport.

From such analyses of our data, we calculate the elec-
tron and hole diffusion constants, shown in Fig. 5. Addi-
tionally, using the nondegenerate Einstein relation,
w=D|e|/kT, both electron and hole mobilities may be
obtained. (We will discuss later, in more detail, our
justification in using the nondegenerate form of the Ein-

T — T —— T
- 300K Aly1Gag 7As/GaAs/Aly ;Gag 7As 10000
i = E
b —————— ————— — 5000
10> | Tf o Op 0 i
F o ]
N Electrons
£ T 4 1000 =
5 5 Holes . 3 =
[a) [ ] - . 500 ;
10' = ) - =
o - s T R
[ - L
i — 100
10 M W PR W | NS
0.01 0.05 0.1 0.5 1.0 50 100
d (um)

FIG. 5. Room-temperature electron and hole diffusion con-
stants, and corresponding mobilities, vs GaAs-layer thickness
obtained from analysis of data in Fig. 4. Horizontal lines
represent typical electron and hole mobilities obtained electri-
cally in high-purity n- and p-type GaAs.
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FIG. 6. Diffusion lengths vs GaAs-layer thickness at room
temperature.

stein relation below.) We find both electron and hole
mobilities which are independent of GaAs-layer thick-
ness, and quantitatively in agreement with electrical mea-
surements on these same samples—u =5800 cm?/V s for
electrons (majority carriers in the n-type GaAs layer)—
and with reported values for both electron and hole
mobilities obtained electrically at room temperature (hor-
izontal lines in the figure).>?

Minority-carrier diffusion lengths may be obtained as
by-products of our decay kinetics and transport measure-
ments. Defined as L,=V D7, we find minority-electron
diffusion lengths greater than 7100 um, and minority-hole
diffusion lengths of ~35 um-—among the largest
diffusion lengths reported for any GaAs structure.®
These lengths shown in Fig. 6 also decrease with decreas-
ing GaAs-layer thicknesses (< 1.0 um), and this steady
diminution may be attributed to the rapid decrease in
minority-carrier lifetime we find for decreasing GaAs-
layer thickness,’! and is consistent with our asserted p-
type modulation doping. Using this information, the
heterointerfacial quality of our structures may also be
characterized. We thus find that carriers move extreme
distances during their lifetime, and, thus, may scatter
from each heterointerface many times without decaying
nonradiatively. Thus, our data indicate that carriers
scatter from these high-quality heterointerfaces up to
~200 times during their lifetime—signifying that these
high-density heterointerfaces are “mirrorlike,” reflecting
carriers without suffering and/or competitive nonradia-
tive decay.

IV. TEMPERATURE DEPENDENCE (300-30 K)

Figures 7 and 8 show, respectively, the temperature
dependencies of the PL and PL decay kinetics for our
9.82-um double heterostructure. As previously found at
room temperature, the observed emission results from
thermalized carriers and, thus, radiative band-to-band
recombination. We find, again, these temperature-
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FIG. 7. PL spectra vs temperature for the 9.82-um-thick
double heterostructure. Electronic temperatures were obtained
from Maxwell-Boltzmann fits to the spectra.

dependent kinetics, for all structures, are fully described
by the appropriate temperature-dependent rate
equations—taking into full account possible carrier
freezeout.

The temperature dependence of the minority-carrier
transport may be characterized and quantified in the
same manner as our room-temperature results. We find
Gaussian PL-spatial distributions at all temperatures
(300-30 K). Figure 9 shows A? versus time obtained
from such Gaussian fits to the data. These results, for
our thickest heterostructure (9.82 pum), are linear at all
temperatures, and thus represent the genuine diffusive
transport of minority holes. Using Eq. (3), we find that
the derived diffusion constant for this minority-hole
transport increases with decreasing temperature. Similar
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FIG. 8. PL decay kinetics vs temperature for the double het-
erostructure with a 9.82-um GaAs-layer thickness. Lifetimes
were obtained from fits, and correspond to the exponential tail
of the decay.
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FIG. 9. Temperature dependence of Gaussian PL FWHM
squared A%(¢) vs time for the 9.82-um double heterostructure.
Solid lines represent linear least-squares fits to data.

measurements for our 0.30-um structure versus tempera-
ture (300-30 K) yield results consistent with the p-type
modulation doping found at room temperature, thus al-
lowing a determination of both minority-electron and
minority-hole transport, as shown in Fig. 10. Here also,
we find diffusion constants [from fits to Eq. (4)], for both
electrons and holes, which increase with decreasing tem-
perature.

Figure 11 shows the temperature-dependent minority-
hole mobility obtained from the 9.82-um-thick hetero-
structure using the nondegenerate Einstein relation.
Here, the carrier temperature is assumed equal to the lat-
tice temperature—thus, justified from our findings that,
at these temperatures, minority-carrier lifetimes are
sufficiently long to allow complete carrier cooling to the
lattice temperature, as has been evidenced in the PL
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FIG. 10. Temperature dependence of Gaussian PL FWHM
squared A%(¢) vs time for the 0.30-um double heterostructure.
Solid lines represent least-squares fits to data using Eq. (4).



15 606 D. J. WOLFORD et al. 47
10° T Aly+G: A/G/L/A] Gay,As
Aly3Gag2As/GaAs/Aly ;Gag As 025015 38‘ u:n 035878
9.82 pm Piezoelectric
s 10° .
Deformation
Potential
104 -
_ = 10°
2 S
NE 5
S Eac = 4.46 eV = 10°
=
ol Expo = 747 eV y
10° | Epc=4d6cv
" Enpo = 7.47 eV |
102 ! 107 '
30 100 300 30 100 300
T (K) T (K)

FIG. 11. Temperature dependence of minority-hole mobility
in the 9.82-um double heterostructure (). Mobilities were ob-
tained from the measured diffusion constants using the nonde-
generate Einstein relation. Solid line represents best fit to data,
yielding acoustic-phonon and nonpolar-optic-phonon deforma-
tion potentials. Hill’s results (Ref. 34) for majority holes in p-
type GaAs are also shown (O) with excellent agreement.

high-energy Maxwell-Boltzmann tails and their derived
electronic temperatures, of Fig. 7. Further, utilization of
the nondegenerate form of the Einstein relation is war-
ranted by the relatively high lattice temperatures which
preclude degeneracy and exciton formation.

Hole mobilities in GaAs, at these temperatures, are
dominated by acoustic-phonon and nonpolar optical-
phonon scattering. Using Wiley’s formalism,?® 3233 the
combined mobility is

r5/2(1_|_r1/2)

=3,1727X1073
HAc,NPO (1+7372)2

2

X (mr/ZZ)S/ZEZACS(GW,T)T’”Z ., (5)
where
S(6,n,T)
_ f ® xe  *dx 6)
0 1+C[(14+6/xT)*+e%(1—0/xT)"/?]
C=(0/T)m/2(e%T—1), (7)
N=(Enpo/Eac)?, (8)

r=m,/m, is the ratio of heavy- and light-hole masses, p
is the density of the material, # is the average sound ve-
locity, and m7 is the effective mass of the charged car-
riers. We find acoustic and nonpolar optical deformation
potentials of 4.5 and 7.5 eV, respectively. These results
are in good quantitative agreement with other estimates®
(3.5 and 6.5 eV, respectively), and our least-squares fit to
the data (solid line) is in excellent agreement with the to-
tality of our data. Further, these results show that, at
high temperatures (7 R 70 K), hole mobilities increase as

FIG. 12. Temperature dependence of minority-hole (OJ) and
minority-electron () mobilities in the 0.30-um double hetero-
structure. Mobilities were obtained from the measured
diffusion constants using the nondegenerate Einstein relation.
Solid lines represent best fits to the data, as discussed in the text.

pu~ T~ 2* __quantitatively identical to Hill’s results** for
majority-hole mobilities in high-purity p-type material
obtained electrically, and also shown in Fig. 11. Here,
again, we find minority-carrier mobilities virtually identi-
cal to those of majority-carrier mobilities, and our results
and analysis are consistent with phonon-scattering limit-
ed transport.

Figure 12 shows the temperature dependence of both
minority-hole and minority-electron mobilities, obtained
as above, for our 0.30-um heterostructure. In thin sam-
ples, such as this, where the influences of p-type modula-
tion doping become significant—if not dominant ( $0.3
pum)—as demonstrated at room temperature, we obtain
mobilities for both species of minority-carrier electron
and hole. Below 70 K, all transport in these structures is
totally minority-electron dominated, at these excitation
levels. We find that the resulting temperature-dependent
minority-hole mobilities are identical, both qualitatively
and quantitatively, with our 9.82-um sample results and
reported hole mobilities in high-purity, p-type GaAs.*
Indeed, the lower solid line in Fig. 12 was obtained exact-
ly as for Fig. 11, using Eq. (5).

Electron mobilities in GaAs are more complex than
hole mobilities, with the dominant scattering mechanisms
being polar-optical, acoustic-deformation-potential pho-
non (i.e., intrinsic), and piezoelectric scattering.’> The
dashed line in the figure represents the best, least-squares
fit to our data using all three of these scattering mecha-
nisms (and Mattheison’s rule), together with each of these
mechanisms individually indicated (solid lines).® Such
fitting yields an acoustic-phonon deformation potential of
15.2 eV —with this as the only adjustable fitting parame-
ter. Corresponding reported acoustic-phonon deforma-
tion potentials range from 7.0 to 18.0 eV.3743737 QOur
result is, therefore, slightly higher than the most widely
accepted value (13.5 eV),” and may be a result of
differences in measurement technique and/or minority-
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carrier versus majority-carrier mobilities.

In totality, our results indicate that minority-carrier
transport is quantitatively identical to majority-carrier
transport in these high-quality samples. Theoretically,
minority-carrier mobilities may be expected to be smaller
than majority-carrier mobilities, since impurity scattering
may be more dominant for minority carriers (minority
carriers have a lower Fermi energy than the same species
as majority carrier, for the same doping levels).?> Howev-
er, we find that our minority-carrier mobilities, at these
temperatures, are lattice limited, and are therefore truly
intrinsic (phonon scattering), thus yielding minority-
carrier mobilities comparable or even equal to corre-
sponding majority-carrier mobilities.

V. CONCLUSIONS

We have used an all-optical PL-imaging technique to
directly measure the transport of minority-carrier elec-
trons and holes. Significantly, we find all transport to be
diffusive at all temperatures. Also, both minority-
electron and minority-hole mobilities obtained from our
measured diffusion constants are in excellent quantitative
agreement with electrical measurements of majority-
electron and majority-hole mobilities. Additionally, our
resulting temperature-dependent mobilities yield ap-
propriate deformation potentials—indeed, ones in
good agreement with majority-carrier, electrically deter-
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mined values. Lastly, these results prove that our
all-photoluminescence-based?* 2627 carrier-transport-
measurement technique is (1) fully analogous (but con-
tactless) to the seminal, early optical Haynes-Shockly
measurement®® of transport, and (2) yields both qualita-
tive and quantitative agreement with traditional all-
electrical transport methods,?! "?* thus confirming its
utility and accuracy.*®* #° Further, as will be discussed in
future publications, this method performs equally well for
both qualitative and quantitative measurement of
neutral-particle (e.g., free excitons and plasmas)
transport—an invaluable and complementary result
which electrical-transport methods are entirely incapable
of determining. Hence, for example, we may now study
in detail, at all temperatures (e.g., 1.6-300 K), the spatial
and temporal transport of both free carriers and free exci-
tons, and, especially, their possible temperature-
dependent joint (or coupled) transport properties.
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