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Carrier diffusion in low-dimensional semiconductors: A comparison of quantum wells, disordered
guantum wells, and quantum dots
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We present a comparative study of carrier diffusion in semiconductor heterostructures with different dimen-
sionality [InGaAs quantum wellsQWSs), InAs quantum dotsQDs), and disordered InGaNAs QWBQWSs)].
In order to evaluate the diffusion length in the active region of device structures, we introduce a method based
on the measurement of the current-voltage and light-current characteristics in light-emitting diodes where
current is injected in an areal um?. By analyzing the scaling behavior of devices with different sizes, we
deduce the effective active area, and thus the diffusion length. A strong reduction in the diffusion length is
observed going from QWs$L4~2.7 um) to QDs (Ly<100 nm, DQWSs being an intermediate caéle,y
~(0-200 nm depending on the carrier densifyhese results show that lateral composition fluctuations, either
intended or unintended, produce strong carrier localization and significantly affect the carrier profile in a device
even at room temperature.
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[. INTRODUCTION file, where they do not contribute to drift or diffusion. As the
temperature or the injection level is increased, more and

Carrier diffusion plays an important role in the under- more carriers are promoted into higher-lying, unconfined en-
standing and optimization of semiconductor optoelectronicergy states. In an energy band picture, the presence of disor-
devices, particularly lasers and light-emitting diodes. In theder produces band tails corresponding to the localized states.
most common situation of two-dimension@D) heteroepi- Even in unconfined energy states within the band, the carrier
taxial growth, the potential profile and hence carrier transmobility and the diffusion length are strongly reduced by
port, can be easily tailored in the growth direction, while in scattering due to spatial inhomogeneities, as evidenced, e.g.,
the layers plane transport is determined by diffusion. Then the AlGaN and InGaNAs material systeffs:!
diffusion length then sets the ultimate limit on the active Due to its fundamental and practical relevance, carrier
device diameter. For example, the lowest threshold currentdiffusion has been experimentally investigated using a vari-
in quantum wel(QW) vertical-cavity surface emitting lasers ety of techniques. In most cases, the ambipolar or unipolar
(VCSELSy are obtained in 2—3:m diameter devices, largely diffusion length is measured on specifically designed struc-
due to the loss of carriers due to the lateral diffusion in thetures by relatively sophisticated techniques, such as
QW for smaller diameters. For this reason, a large effort hasathodoluminescencé, the transient-grating methdd, or
been dedicated to the study and fabrication of active regionthe high-resolution time-of-flight techniqdé However, the
having a smaller diffusion length?® Diffusion processes measurement of the diffusion length in a device structure
strongly depend on the dimensionality of the active regionunder working conditions would be preferred for the under-
While 3D carrier diffusion is possible in a bulk unconfined standing and optimization of device characteristics. This has
active region, diffusion is restricted in a plane for a 2D quan-been demonstrated in edge-emitting lasers by fitting the sub-
tum well, to a single direction for a quantum wire, and finally threshold electrical impedance and modulation respémse
carriers are completely localized in an ideal 0D quantum dothe threshold current dependence on the stripe widthese
(QD). Suppressed carrier diffusion in quantum dots has beemethods rely on specific laser models and require additional
indirectly evidenced in device characteristics such as the reassumptions(e.g., the shape of the gain-current cyrve
duced sensitivity to defects, better scaling of laser Moreover, it is difficult to identify the process that is respon-
performancé, increased resistance to radiation dama@e, sible for the broadening of the carrier profile, i.e., carrier
and improved performance of ultrasmall deviéesDisor-  diffusion in the active region versus current spreading in the
dered QWSs(DQWSs) are an intermediate case between theinjectors. Recently, we introduce fabrication technique
2D and 0D situations. In these structures, the essentially twahat allows the realization of light-emitting diodésEDS)
dimensional potential profile contains random fluctuationwith dimensions comparable to the diffusion lendite.,
due, e.g., to inhomogeneities in the thickness or the compo<1 um). The characteristics of such ultrasmall devices are
sition of the QW(note that, in this context, the term “disor- very sensitive to diffusion and spreading processes. In this
dered” does not refer to the crystal quality of the @Whus, paper, we show that through a simple analysis of their
carriers can be localized in the minima of the potential pro-current-voltage and light-current characteristics it is possible

1098-0121/2004/1Q0)/20531112)/$22.50 70205311-1 ©2004 The American Physical Society



FIORE et al. PHYSICAL REVIEW B 70, 205311(2004

to distinguish between current spreading and carrier diffu-

sion, and to evaluate the diffusion length. This allows us to

perform a comprehensive comparison of the diffusion pro- GaAs
cess in QDs, QWSs, and DQWs, as a function of the carrier
density. In Sec. Il, the device structure and fabrication are
described, and the role of current spreading is analyzed. Ir
Sec. Il we present a comparative study of the diffusion
length in similar structures comprising three different active
regions, i.e., an InGaAs/GaAs QW, InAs/GaAs QDs, and a
disordered InGaNAs QW. A diffusion lengtty=2.7 um is
deduced for the InGaAs QW, while carrier localization
(Lg<<200 nm is observed in both the QDs and the InGaNAs
DQW. In the DQW, we further show that the diffusion length
increases with increasing current density, an indication of the

filling of localized states in the band tail. The results are (a)
discussed in Sec. IV.
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Il. SAMPLE STRUCTURE AND FABRICATION

Three LED wafers were grown with very similar epitaxial
structure except for the active regions. The samfig. 1)
were grown by molecular-beam epitagyIBE) on n-doped
(001) GaAs substrates and consist of bottom-emitting micro-
cavity LEDs with a bottom epitaxial distributed Bragg re-
flector(DBR) and a gold layer on the top, which serves both
as a mirror and as a contact. The QD and QW samples wert
grown in the same V&/80H MBE system and have an
identical layer sequence(from the bottom 3.5-pairs
n-doped GaAs/AJGaAs quarter-wave stack (with
10 nm-thick graded layers at the interfages20 nm AccV SpotMsgn Det WD Exp 1 1pm
n-Aly G -As, 114 nmn-GaAs, 45 nm undoped GaAs, an e e AR el st e
active layer(QDs or InGaAs QW, 45 nm undoped GaAs,

32 nm undoped AlGaAs with Al composition linearly in-

creasing from 0% to 85%, 20 nm undoped, &Ga, 15AS, (b)
115 nmp-Alg gGay 15AS, 10 nm graded layer, and a top p+
+ GaAs capping layer. Both- and p-doping is nominally FIG. 1. (@ Schematics of the fabricated LED structurés)

2X10'® cm3, except in the capping layer, whichjisdoped  cross-sectional SEM image of a 300-nm aperture obtained by lat-
to 5x 10" cm 2. The active layer consists in one sample of agraj oxidation from a um-wide stripe.

7.5 nm Iny 1G& g AS QW emitting at 980 nm at room tem-

perature(RT), in the other sample of a self-assembled QDannealed, in order to clearly evidence the compositional in-
layer obtained by continuously depositing 2.9 monolayers ohomogeneities in the DQW. While threside of the junction
InAs and covering with a 5 nm-thick §n=Ga, gsAs layer in this sample is different, it will be shown in the following
(RT emission around 1300 nmThe weak microcavity de- that the light-current-voltage characteristics are determined
fined by the top Au mirror and the bottom 3.5 pairs Braggby the p-injector, which is identical in the three structures,
mirror (quality factorQ=20) in this structure was designed therefore a significant comparison can be made.

to maximize the extraction efficiency for low-temperature LEDs with submicrometer current apertures were fabri-
emission at 1220 nm, therefore it is not optimized for the QDcated using the approach described in Ref. 9 and represented
and QW RT emission wavelengths. The extraction efficiencyin Fig. 1. Device processing starts with the definition of shal-
calculated by the dipole source-term metibds 1.6% for low mesas of variable diametéil—30um) by optical li-

the QW and 3.9% for the QD sample, at their respectivethography and wet etching of the top GaAs cap layer. The
emission wavelengths. The third DQW sample was grown irexposed A} s<Ga, 15AS is then oxidized selectively by heat-

a different VGV80H MBE apparatus and has the same layering the samples at 400°C in a,&8 atmosphere created by
sequence in th@-side of the junction and an active region bubbling N, in a water bath at 85°C. The oxidation starts at
composed of a 6.5 nm §nGa Noo1d\Sp0ss QW sand- the exposed surface and then penetrates laterallyl py
wiched between two 5 nm Gafgsd\o 014 barriers. The bot-  ~500 nm under the GaAs cap layer, thus defining a current
tom DBR was replaced in this case by X/2-thick aperture whose diameter can be controlled down to around
n-Alg :Gay 7As layer. The InGaNAs QW emits at 1280 nm at 100 nm by varying the oxidation time. Figurgb] shows a

RT and the calculated extraction efficiency at this wave-cross-sectional scanning-electron microsc¢pEM) image
length is 8.3%. We stress that the InGaNAs sample was naif an aperture of 300 nm defined in this way. Broad area
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FIG. 2. Band diagraniCB: conduction band; VB: valence band
around the active region of the QD and QW LEDs under an applied 1()4 g e a — T
bias of 1V, calculated by Simwindow&ef. 17, assuming a - | | ——400 pm 3
5 nm-thick InAs QW as the active layer. The 32 nm-thick AlGaAs NE 2| ——200um L.
with Al composition linearly graded from 0% to 85% acts asahole o 10°F SoTasoum st
injector by accelerating holes toward the active layer. < L
2 10°
p-contactg3.8x 107° cn¥) are then evaporated on top of the 2
mesas, with uncritical alignment, and afcontact is evapo- 3 102
rated on the substrate side. =
Because the surface of the sample, outside the mesas, is @
covered with an insulating AD5 oxide, current is forced to 5 10
flow into the small current apertures. However, the active © :
area may be larger than the current aperture if current 10°® et =
spreads between the oxide aperture and the active layer. Cur- 0 02 04 06 08 1 12
rent spreading must thus be suppressed to achieve a small Voltage (V)

active area. Current spreading is determined by the ratio of
the lateral and vertical impedance: Particularly at low bias, FIG. 3. Measured-V characteristics ofa) QD LEDs with a
when the diode impedance is large, current can find a lowefloped current spreading layer, afi QD LEDs with an optimized
impedance path by flowing laterallparallel to the layeps injection region. The current density is obtained by dividing the
and spreading on a much larger area. To suppress currefi{rent by the oxide aperture area.
spreading, the layers between the oxide aperture and the ac-
tive layer were not doped in order to increase the lateral
resistance. following were taken in the two-probe configuration, in order
Figure 2 shows the band diagram around the active regiofp measure very small currents at low b[dse series resis-
under an applied bias of 1 V, calculated by the Simwindowgance of the set-ugp=5 (1) contributes significantly to the
simulation packagé, assuming a 5 nm-thick InAs QW measured voltage only for currertslO mA, i.e., in the satu-
as the active layer. Under a positive bias, the graded holeation region of the largest devide3he current density was
injector facilitates the vertical hole transport from the derived from the current using the measured current-aperture
Al e:Gay 15AS aperture region to the QDs by avoiding poten-area. A strong difference between the two sets of curves is
tial steps at heterointerfaces in the valence band and by prevident. The LEDs with optimized graded undoped injector
viding a potential gradient directed toward the active layer. show exponential diode characteristiggith ideality factor
The role of current spreading and injector design was din=1.8), with nearly perfect scaling of current with aperture
rectly verified by comparing the current-voltage characterisarea: The current density versus voltage curves superpose
tics of two QD samples, one with the design describedbver four orders of magnitude of current in the low bias
above, and a second one where the 32 nm-thick undopednge(for V=0.8 V the current becomes limited by the se-
graded injector and the 20 nm-thick undope@ AG&, 1sAS  ries and contact resistance, leading to a departure from ex-
were replaced by a 20 nm-thigkdoped A} sGa, 7As layer,  ponential characteristigs In contrast, the LED with the
which acts as a current-spreading layer. Broad-area LEDsurrent-spreading layer has strongly nonexponentia
with diameters ranging from 50 to 4Q0m were fabricated characteristics and does not show proper scaling with current
using wet oxidation as described above. The current densitgperture area. The absence of scaling is related to the fact
J versus voltageV characteristics foa) p-doped and(b)  that the effective device area is larger than the current aper-
undoped graded injector structures are shown in Fig. 3 foture, which may be due to current spreading and/or to carrier
different device diameters. All measurements shown in theliffusion. The nonexponential behavior I8¥ characteristics
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FIG. 4. Measured-V (left) and J-V (right) characteristics for QQtop), QW (middle), and DQW (bottom) LEDs with different
current-aperture diameters. The current densities are calculated using the aperture diameter measured by SEM during the process.

is strong evidence of current spreading, since this latter lll. EXPERIMENTAL RESULTS
mechanism depends on the ratio of lateral to vertical imped-
ance. Particularly, as the bias is reduced and thus the diode
impedance increases, lateral current flow becomes more sig- Current-voltage characteristics were measured on LEDs
nificant and the effective device area increases, leading to with QD, QW, and DQW active regions, for device diam-
higher current than in the undoped injector structure. In coneters ranging from 1@m to 500 nm and are reported in the
trast, carrier diffusion does not depend on bias level andeft part of Fig. 4. All measurements were performed in the
produces a bias-independent increase in the active diametdark at room temperature. Control devic€so mesa),

(see Sec. l). The comparison of the doped versus undopedvhich were uniformly etched and thus have no aperture in
injector structures shows that theinjector plays a major the oxide layer, present only a very small leakage current
role in the current-voltage characteristics of LEDs and laserghrough the oxidgl <0.1 nA at 1.2 V, corresponding to a
and must be carefully optimized in order to avoid currentcurrent density<3x 10 A/cm?), which confirms that the
spreading. oxide is effective in restricting current flow to the aperture

A. Current-voltage measurements
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FIG. 5. (a) Estimated diffusion lengths in QW LEDs calculated from the ratio of current in each device to the current density in the
9 um-diameter devicésee the tejt (b) Current densities versus voltage, assumnligg 2.7 um.

region. Thel-V curves present exponential diode characterthe diffusionand spreading lengths in our QD devices. This
istics over several orders of magnitude in the current, limitedesolution in the determination of the active device area re-
on the low bias side by the setup current sensitivity and orsults directly from the use of submicrometer current aper-
the high bias side by the series resistance due to spactires, a unique feature of our approach.
charge-limited transport in the undoped AlGaAs layers and In contrast to the QD structures, the QW LED current-
the contact resistance. In fact, in the high bias rangesoltage characteristics do not scale with the current aperture
(V>0.9 V in the QD and DQW samplgshe current has a area: Smaller devices have an apparently higher current den-
square-law dependence on the voltage, which is typical fosity. This is due to the fact that the active area is increased by
space-charge-limited transpé?t.The ideality factors, ob- the diffusion of carriers along the laterally uniform QW. In
tained by fitting the exponential part of th&/ characteristics fact, since the epitaxial structure of the QW LED is identical
of the largest devices, are=1.89(QD), 1.54(QW), and 1.53  to the QD LED, apart from the active region, we can rule out
(DQW). Note that, because of the smaller bandgap of theurrent spreading in the injection region as the origin for the
active region, a higher current is observed in the QD andncreased active area. This is further confirmed by the nicely
DQW samples than in the QW. Persistent photoconductivityexponentiall-V characteristics of the QW sample, different
due to ambient illumination was observed in the QW andfrom the current-spreading behavior shown in Figa)3
DQW LEDs, leading to negative currents at low biasBased on this observation, we can deduce the diffusion
(V<0.2 V) (this corresponds to the discharge of photocredength from the scaling of-V characteristics with device
ated carriers, which is slow due to the extremely high diodearea. Specifically, we expect the active radius to be given by
impedancg In order to alleviate this effect, the voltage was the radius of the unoxidized region increased by a diffusion
swept from 0 to 1.4 V several times before taking each mealength Ly, which should not depend on the device size and
surement. Note that in the QD structures the same effect isias point. The current for deviaeis then given by
not observed because of the much reduced absorption in the
active region. 1n(V) = 36(V)S = Jo(V) (T apern + L), (1)

For each device size, the diameter of the current aperture
was measured by SEM during the process and used in théhere S, is the effective active areagper, is the aperture
calculation of the current densifghe right part of Fig. 4  radius, andl, is the current density in a planar devigee.,
Comparing the current density for different device diametersfor the case whergy is negligible compared to the aperture
we observe a different scaling behavior depending on th&dius. As a starting point, we také, as the current density
nature of the active region. For the QD structures, the currerfidlculated from the large¢d um-diametey device using the
density versus voltage characteristics do not depend on tHalrrent aperture area. For each device, we calculgte
device size over four orders of magnitude in the current den=L4(V) from Eg. (1). We find that, in the voltage range
sity, i.e., in the bias range 0.4¥V<0.9 V corresponding 0.7—1.1V, where thé-V characteristics are exponential,
to exponential diode characteristics. The good scaling bashas a value approximately independent of the voltage. The
cally confirms that current spreading and carrier diffusion aréProcedure is then iterated by using this value in the calcula-
insignificant, as already observed from the characteristic§on of Jo, until a self-consistent value af; is found. Figure
shown in Fig. 3, except that, due to the much smaller size(@ shows the L4(V) curves, obtained assumingq
we can now put a much more stringent upper limit on the=2.7 um in the calculation of], from the current of the
diffusion length. If, e.g., a diffusion/spreading length of 9 um-diameter device. Remarkably,4(V)=(2.7£0.4 um
100 nm is added to the device radius measured by SEM, thi@ a voltage range that corresponds to over four orders of
curves show a significant departure from the scaling behavnagnitude of current density variation and for devices whose
ior shown in Fig. 4. This sets an upper limit 6100 nm on  diameters span two orders of magnitude. The scalinyf\6¥
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FIG. 6. (a) Estimated diffusion lengths in DQW LEDs calculated from the ratio of current in each device to the current density in the
8.8 um- diameter deviceésee the text (b) Current densities versus voltage, assuniigg200 nm.

characteristics obtained by assumlng-2.7 um is shown in  quantum efficiencyyqg, calculated as)oe=(e/hv)/(P/1), is

Fig. 5b) and further demonstrates the accuracy of the fit. Weplotted in the right part of Fig. 7 as a function of theminal

stress that the possibility of fitting th&V) curves with a  current densitycurrent divided by the aperture ajea

single parameter confirms that the diffusion process depends The light-current characteristics on the QD LEDs show

on the active material and not on the device size and th&hat at low current levels smaller devices are more efficient.

applied voltage. This effect is mostly due to the fact that at low bias effi-
Finally, the DQW LED characteristics scale relatively Ciency increases with current densitgaching a maximum

well with the current aperture area, as seen in Fighattom ~ around 100 Alcrfy see the right part of Fig.)7and that for

right). However, at high biagV>0.7 V) smaller devices a given current smaller devices operate at higher current den-

present an apparently larger current density—an indicatio@ﬁ'st?éttigﬁs t(;llg?errgo ;Tes?félrgggirﬁ)o'?; ng d': da iﬁlegrr d((ja?rrt]é
for carrier diffusion. We apply the same procedure as for the . that prop ) 9
QW LEDs, takingJ, as the current density calculated from achieve efficient light generation at low output power levels.

the 8.8um-diameter device using the current aperture area'.a‘t higher bias, on the contrary, the output power from

The diffusion lengths calculated using Ed) are shown in Smaller devices saturates due to the filling of the QD ground

Fig. 6@). In this casel 4 is negligible(within the resolution state level and p_opulatlon of gxu_ted states, which are more
of ~100 nm due to dispersion in the characteristics of th rone to nonradiative recombination due to thermal escape.

different device for V<0.6 V, however, for higher bias n order to de-embed the material properties from the effect

it clearly increases with bias with a saturation in theOf the microcavity, the external quantum efficiency can be

150—200 nm range. This trend is observed in all the devicel " &S 77QE= rad Zextn where 7,5 is the radiative effi-

and the diffusion lengths are comparable. Note that the rel ciency (the number of photons generated inside the device

as. . o .
tive variation of Ly in the DQWs is much larger than in divided by the number of injected electrorand e, is the

QWs, where it is below 20% in a comparable bias range. Weextraction efficiency(the fraction of internally generated

attribute the increase of diffusion length to a progressive fill-psggnzxttré?rt];scﬁgﬁ utj?ntliﬁgggédssé dl:r:((jalngxttraectﬁﬁa-eﬁi-
ing of localized states in the band tail of the disordered". . y by U

GaIlnNAs QWSs and consequent population of delocalized"€"Y Texer=3.9%, calculat(.ad. by the. dipole source-term
states in the band, as discussed in Sec. IV, Fig(isgréports method'® we deduce the radiative efficiency as a function of

the J-V characteristics obtained by taking into account a dif-c.urrent density, plotted in Fig. @op). The radlatlve_efﬂ-
: _ . : .~ clency versus current density curves scale well with each
fusion lengthL4=200 nm in the calculation of the active . .
co . . . other, except for the two largest diameters, which present a
area. The scaling is better in the high bias part of the char: ey -
. lower peak efficiency. Also, the efficiency was observed to
acteristics, as expected. : : ; ! :
vary considerably among nominally identical devices for the
smallest diameters in this sampléhe best values are pre-
sentegl. Variation in the efficiency related to the increase in
Light-current measurements were taken using a calibratethe spontaneous emission rate in the cavity m¢te so-
Ge detector with an active area of 1 Zositioned close called Purcell effedf29 can be excluded, despite the small
(=1 mm) to the sample backside, in order to collect most ofactive areas, since the cavity quality factor is too small in
the optical power emitted by the LEDs. Lock-in techniquesthis structure. We rather attribute the scattering and reduced
are used to accurately measure the low-power levels preefficiency for the large devices to the presence of defects
duced by these small devices. Figuréléft side) shows the with areal density such that one or a few may be present in
power P versus currenk characteristics measured on the QD each LED. The presence of defects is also confirmed by the
(top), QW (middle), and DQW(bottom) LEDs. The external relatively low peak radiative efficiency of 2.5% measured in

B. Light-current measurements

205311-6



CARRIER DIFFUSION IN LOW-DIMENSIONAL ..

PHYSICAL REVIEW B 70, 205311(2004

107 510’2 " .
[ S ® 91um
S 107f]| ¢ s > Toum
~ 0 D 2 830 nm
§1o*- - £ :
g 2 10°} ;
—_ K © [
S10°F 3
S 410 £
[]
2 g .
-1 | ) | 10' - el ol
0% 107 10°  10°  10* 10° 10" 10? 2103
Current (A) Nominal current density (A/cm”)
-6 -2 ,
10 310 E T
. 8 (o g0 0% S —
—~ T . 2 [
; 10 E < é | .
\: ? o al -h
[ -8 | ] ]
g 107F S 3 o |
Q et 10 2
— 9 © i
g10°F 3 * 90
£ . shg s s 20| e
(@) 10 o= c © 940nm | o
10 .‘- > o 720nm | aw
¢ ] ¢ 530nm s
10" 5 * ' 1 W g4 = : o .
10® 107  10°  10°  10* 10" 10? 10 , 10
Current (A) Nominal current density (A/cm”)
-5 -3
10 T - 10 . - T
Q s 88 ]
. s Tohm ® = 19 ﬂ: ]
—~ 7 H [
2 107 F ° 1.1 pm :-_J [| ¢ 19wm
~ a 770 nm T) g 770 nm
o 10.3 * 470 nm € & 470 nm /
3 -
3 2 10l WO, 1
= e S o Lo ;,9 o~
° 107 F =] . .~ .
'%_ s m'%':oo::‘d]u 00 ! %
0107 e —_—
g P DQWs |
-11 o . L wl 10‘5 . ad " aal N
10 0% o’ 10®  10°  10™ 10" 102 10° 2104
Current (A) Nominal current density (A/cm”)

FIG. 7. Measured power-currefieft) and efficiency-current densitgright) characteristics for QQOtop), QW (middle), and DQW

(bottom) LEDs with different current-aperture diameters. The nominal current densities are calculated using the aperture diameter measured
by SEM.

large (400 um) devices, even with no oxide aperturing, as parf), where(a) the peak efficiency decreases as the device
compared to the radiative efficiencies of 13% measured bgiameter is reduced, ang) the optimum current density
ustin similar QD structures. The main conclusion is that theincreases by over one order of magnitude as the diameter is
efficiency is not degraded even for the smallest areas, whictlecreased from 9 to 0,am. The latter effect is clearly re-
indicates that the oxide layer does not introduce nonradiativéated to the increase in the effective active area due to carrier
recombination centers in the QD layer along the perimeter ofliffusion in the QW, as observed in the current-voltage char-
the aperture, which would become more significant as thacteristics. By using the effective current densitgssuming
device shrinks in size. Also, all devices reach the peak effiLy=2.7 um) we easily recover efficiency curves which have
ciency at similar current density levels, further confirmingthe same functional dependence on the current denéitis
that proper size scaling is achieved in QD LEDs. showr). However, in order to explain the variation in the
This situation should be contrasted with the efficiencypeak quantum efficiencies, we must introduce one further
versus current density curves for QW LEEg. 7, middle  element: The extraction efficiency depends on whether re-
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combination occurs in the aperture area, in the annular rethe extraction efficiency as the weighted sum of the efficien-
gion below the mesa and the oxifleee Fig. 1a)], or in the  cies in the different regions. In this case, however, slngis
etched area outside the mesa. The output power can in fagsialler than the oxidized distantg, we assume that carri-
be written as ers do not diffuse outside of the oxidized aperture, i.e., we
neglect photon generation in the etched region, and thus

hy
Pout= Z Mrad 77ape|| aperT Noxd ox + Metct etch)

hv
hy Sap Sox Setch Pout= — Trad apel apert 7oxl ox)
= : 77rad< Naper S:r_'_ oxg * Metch S:)ct I, (2 out he rac ape :er o O;
v er X
P (77 +7 —>|- )
rad\ “/aper Sot 0X Sot

Where n,pes 70 @Nd 7e1cn are the extraction efficiencies for
photons generated in the aperture, oxidized, and etched
regions, respectively,pes lox @ndlg ey the currents in the _
three regions Sype, bep and Syn the corresponding areas In this case Sype= T aper SOXZW[(raperJrLd)z_rezapeJ_' The
- extraction efficiencies are calculated ag,.~=8.3% in the

(Syper 71'rapErv Sox= 77'(rmesa ape) and Syer= 71'[(raper Ly)? . Bper ;

—rZosds Wherer e and resaare the radii of the oxidized aperture region ang,,=0.75% below the o_X|de, at the emis-
aperture and of the etched mesa, respectjyayt the total  Sion wavelength of 1280 nr(these are dlfferent from the
effective active aregS=m(rgpertL 23, hv the photon en- QW sample pecause of the dlffer_en_t emission wevelength
ergy, ande the electron charge. I(2) we have assumed the and bottom mirror structuyeThe radiative efficiency is plot-
current density to be uniform in the active area, which is thet€d in Fig. 8 (bottom parf as a function of the effective
same approximation used in the fitting &f, from the current density, assuming a diffusion lengtf=200 nm. The
current-voltage characteristics. Note that we are not considscaling of the different curves is now excellent and further
ering any surface recombination effect, which is consistensupports the estimated value lof derived from the current-
with the good scaling of.-lI characteristics observed in the voltage characteristics. Note that the scaling analysis of the
QD sample. By using a simulation software based on thédight-current characteristics provides additional information
dipole source-term methdd,we calculate the extraction ef- as compared to the current-voltage characteristics. In fact,
ficiency as(at A=970 nm): 7,,,~=1.6% in the aperture re- the diffusion length impacts the light-current characteristics
gion, 7,x,=1.9% below the oxide, ang=0.495% in the more strongly since it affects also the extraction efficiency,
etched area. Using these values, the measured geometrigalrticularly in the smallest devices where the diffusion area
areas and the diffusion lengtly=2.7 um derived from the may be comparable to the current aperture. Moreover, light-
current-voltage characteristics, the radiative efficiengyy  current investigations allow the measurement of the diffusion
can be calculated frorf2) for different device diameters and length in a current density rangé@>10° A/cm?) where the
bias conditions. The result is plotted in Fig(®iddle parj  current-voltage characteristics are dominated by the voltage
as a function of theeffectivecurrent densitylez=1/So. The  drop due to the series resistance and the space-charge-limited
scaling between the different curves is very ggagart from  transport.
some discrepancy for the largest device at low current den- Finally, we compare the radiative efficiency of the
sities, despite the simplicity of the model and the absence ofnGaAs QW emitting at 980 nm to InGaNAs DQW and InAs
fitting parametergapart from the diffusion length that was QDs, both emitting around 1300 nm, as shown in Fig. 8. The
fitted separately from theV characteristics This confirms  InGaAs QW has the highest radiative efficiency, approaching
that the decrease in efficiency for the small QW LEDs, as70% at a current density of 30 A/&nwhich is a typical
seen in Fig. 7, is only due to the diffusion of carriers outsidevalue for high-quality InGaAs QWSs. The QD LEDs present
the aperture area, and not to defects introduced by the oxideadiative efficiencies in the 3% —-5% range, a somewhat

The DQW efficiency versus current densiti@3g. 7, bot-  lower value than the 13% previously measured b$* s
tom pary also show considerable dispersion for different di-similar epitaxial material. Carrier capture by strain-induced
ameters, despite the smaller carrier diffusion evidenced byefects and reduced spontaneous emission rate due to ther-
the current density versus voltage measurements. In particunal activation to the barriers and/or to excited states may be
lar, similarly to the QW LEDs, the smaller devices presentthe origin of the lower radiative efficiency of QDs as com-
both a lower peak external quantum efficiency and an inpared to optimized QWSs. InGaNAs QWs have an even lower
creased optimum current density, which is an indication forradiative efficiency than QDs, as was previously observed
carrier diffusion outside of the aperture area. We note that thehrough a direct comparison between the two matefrals.
light-current measurements were taken at relatively high curThis is likely due to nonradiative defects directly or indi-
rent densitiegJ>10 A/cn¥), since the radiative efficiency rectly related toN incorporation, which result in much
of InGaNAs is very low at low carrier concentration, due to shorter nonradiative lifetimes, particularly in this nonan-
nonradiative recombination, as shown previod$K?In this  nealed material. Note also that the radiative efficiency maxi-
range, we estimateld, to be in the order of 200 nm from the mum (possibly limited by device heatifgcorresponds to
scaling of current-voltage characterist[€sg. 6a)]. In order  high current densities-1 kA/cn?, further evidence of non-
to check this estimate, similarly to the QW LEDs, we write radiative recombination.
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ternal field is applied in the lateral plane, an imbalance of

107" v - T ™ electron and hole concentrations can produce an electric field
| o 51*; ﬂ:: ] that contributes to charge transport through a drift term. For
> o 1.0pm example, in the case of optical excitation of carriers in an
3 o 830am undoped semiconductor, the conditions of charge neutrality
2 500 om and zero total current density lead to ambipolar diffusion,
© 102k N where the transport including diffusion and drift can be de-
2 . R ] scribed as a purely diffusive process with an ambipolar dif-
g ‘..'f' fusion coefficient given, for a nondegenerate semiconductor,
o ]
g | o* ] by
\ . QDs
19,100 10" 10° 10° D,= 5 Pnbp_ 4)
Nominal current density (A/cmz) D, +Dp
0

10 F o — (see, e.g., Ref. 24whereD,, and D, are the electron and

hole diffusion coefficient, respectively. However, as pointed
out by Joyce? the localized injection of holes from an ap-
erture or a mesa does not correspond to the situation of am-
bipolar diffusion, since the supply of carriers is asymmetric

)
-

Radiative efficiency
=)

E o E (localized injection of holes from thp side, uniform injec-
3 in] 1 . . . . . . .
[ e 9.0 m ] tion of electrons from the side). A similar derivation as in
» 20pm ] the case of ambipolar diffusion le&fgo describing both
o Honm | transport and diffusion with an effective diffusion coeffi-
* 530n0m QWs cient,
1072 . - S
10° 10" 10? 10°
Effective current density (A/cm % D¢~ 2Dy, (5)
- ' ' It is seen that, although representing different physical
- . Topm situations, expressiong}) and (5) give approximately the
% 10’2; ° 1.1pm E same value of the diffusion coefficient in the cd3g>D,
S b (note, however, that, if electrons were confined instead of
S holes, only the derivation by Joyce would correctly predict a
o much larger effective diffusion coefficie@,~2D,). Intu-
g itively, the internal electric field favors hole transport against
5 1073 ol 1 electron transport, counteracting the difference in diffusion
o ’" ] coefficients, in order to maintain charge neutrality. Assuming
[ o DQWs that the carrier lifetimer is independent of the carrier con-
107 S ‘“1‘62 — "163 - 1‘04 centration, the diffusion lengthy~2.7 um fitted from the

I-V characteristics in our QW LEDs is related to the effective
diffusion coefficient through

Effective current density (A/cm 2)

FIG. 8. Radiative efficiency versus current density characteris- o
tics for QD (top), QW (middle), and DQW (bottom) LEDs with Ly= \;“DeTz \;’szT, (6)
different current-aperture diameters. The current densities are cal-
culated assuming no diffusion for the QDs, a diffusion lengggh

=2.7 um for the QWSs and_4=200 nm for the DQWs. and is thus also approximately equal to the ambipolar diffu-
sion length since electron mobilities are much larger than
IV. DISCUSSION hole mobilities in InGaAs QWs. Note that the diffusion

length is fitted over a low bias rang@< 10 A/cn?), where

The set of measurements presented in Sec. Ill provides the assumption of a constant lifetime is reasonahbieno-
consistent estimate of the diffusion lengths in semiconductomolecular recombination
nanostructures of different dimensionality, i.e., QWs, QDs, The estimate of the QW ambipolar diffusion length ob-
and disordered QWSs, as a function of the carrier concentraained by our methodl 4(V)=(2.7+0.4 um, is within the
tion. The first issue that needs to be clarified is whether theange of values reported in the literature; see, e.g., Refs. 1,
measured value is the minority carrier or the ambipolar dif-12, 26, and 27. The significant spread in these values may be
fusion length. In fact, the diffusion mechanism depends orattributed, besides the material quality, to the different exci-
the type and geometry of carrier injection. Although no ex-tation levels used in the different experimen® strong
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reduction inLy was, for example, observed in Ref. 27 with sition on temperaturg:*3In bulk InGaNAs, evidence of ex-
increasing current injection in a laser strucure ~ citon localization at low temperature was provided both by

The suppression of carrier diffusion in QDs and disor-time-resolved PB4 and by the appearance and magnetic-field
dered QWs, as compared to QWs, was also reported preVigependence of sharp spectral lines in  near-field
°|“3|y' An;\bmo:gr d'ﬁ_Lt‘tS,'O” 'tegggho values ddlfdzg-gl“m spectroscop§® While in most reports localization effects are
(Ino §G&) ;As QDs emitting at 1180 nff) and Ly<0.6 um significant for temperatures:100 K, our data indicate that
(resolution limited, InAs QDs emitting at 1270 At were . :

ey may persist up to room temperature in our nonannealed

measured in QDs using cathodoluminescence and spatial
resolved photoluminescence, respectively. Our more strinl’G@NAs QWSs. There are several effects that could cause

gent estimated upper limlt;< 100 nm derives on one side this apparent difference: First, the compositional inhomoge-
from the stronger electronic confinemgas compared to the heities giving rise to localization are more significant in
QDs used in Ref. 28 on the other side from the better spa- nonannealed layef8-*°However, it should be noted that PL

tial resolution(as compared to Ref. 29which is provided measurements on a nonannealed reference sample analogous
by the small current apertures and the large dynamic range itv the DQW LED revealed a very weak S-like dependence of
I-V measurements. The strongly suppressed carrier diffusioghe peak position on temperatufiecalization depth about

in QDs is clearly related to 3D wave function confinement in5 mev data not shown Second, the carrier density may

the low-bandgap islands. The possible mechanisms for diffuz|gq he an important factor for the observation of localization
sion in QDs arga) thermal hopping andb) diffusion in the effects: The transition between localized and bandlike behav-

2D wetting layer(WL) or the 3D GaAs barrier, prior to car- a'tor, as evidenced by the increase in the diffusion length, is

rier capture in the QDs. For the large and In-rich QDs and .
b Q g Q ing i©bserved at low current densitiés< 10 Alcn?, correspond-

ineffective due to the large potential barri@70 me\j be-  Ing to carrier densities<10'° cmi 2. This excitation range is

tween the QD ground state exciton energy and the WL enusually not accessible in optical measurements, because non-
ergy. The latter mechanism, diffusion prior to carrier capture/adiative recombination is dominant, as we observe in the
has been evoked in Ref. 29 to explain the comparativeI}ED, characteristics as we(Fig. 8). Two recent studies on
larger diffusion length{Ly~ 1.6 um) measured when pump- Carrier transport ifln)GaNAs layers have in fact evidenced
ing in the GaAs barrier. In contrast, although injection pro-localization effects at temperatures up to Poand 300 K

ceeds through the barrier also in our LEDs, we do not obat low carrier densities. More investigations specifically de-
serve such an effect. We attribute this difference to the/Oted to the InGaNAs material as such are needed to clarify
different excitation density used in the two experiments. In-this point.

deed, diffusion prior to capture should be negligible in our

dots, since the capture time from the barrier to the QDs is

smaller than 10 g$). V. CONCLUSIONS
Finally, it is remarkable that diffusion is strongly sup-
pressed(Lq=0-200 nm, depending on carrier dengiin The main results presented in this paper are two-fold.

InGaNAs DQWs at room temperature. The minority carrierFirst, we have introduced a convenient method for character-
diffusion length in bulk MBE-grown InGaNA&fter anneal- izing the diffusion in device structures. The method is based
ing) has been previously estimated by fitting the responsen the analysis of the scaling behavior of light-emitting di-
characteristics of solar cell3:Ly(hole9=30 nm. However, odes, where carrier injection is confined within dimensions
to the best of our knowledge, the ambipolar diffusion lengthwell below 1 um. By a careful control of current spreading,
in INnGaNAs QWs has not been reported previously. The veryve have indeed shown that the current-voltage and light-
short minority and ambipolar diffusion lengths can be attrib-current characteristics are entirely determined by the diffu-
uted to short carrier lifetimes, to scattering by impurities andsion of carriers in the active region, which allows the mea-
by spatial inhomogeneities, or to localized energy states isurement of the diffusion length. Second, we have performed
the band tail. Several of these factors are likely to contributea comparative investigation of diffusion in semiconductor
depending on the carrier concentration and temperature. Pdreterostructures having different dimensionality: quantum
ticularly, the current-voltage measurements presented iwells, quantum dots, and disordered quantum wells. Signifi-
Figs. 4 and 6 evidence an increase of the diffusion length atant in-plane diffusion(diffusion length Ly=2.7 um) in

high carrier injection, which may indicate a transition from high-quality InGaAs/GaAs quantum wells results in bad
diffusion through hopping among localized states to bandscaling in current-voltagécurrent does not scale with the
like transport. In fact, compositional disorder in an alloy pro-device arepand light-current characteristi¢efficiency de-
duces a band tail consisting of states with localized wavereases as the area is reduced contrast, in-plane compo-
functions. At low current densities holes occupy the localizedsitional fluctuations in quantum dots and disordered quantum
states in the band tail, which are progressively filled as inwells are effective in suppressing carrier diffusion
jection is increased, leading to the population of delocalizedLy<100 nm in QDs and_4=<200 nm in DQWS$. The in-
states inside the band and increased diffusion. Compositionatease of the diffusion length with increasing carrier density
fluctuations along InGaNAs QWs were observed by transin disordered QWSs shows the filling of localized energy
mission electron microscopy.Also, carrier localization at states in the band tail and the population of higher energy
low temperature was indicated for such structures by amlelocalized levels. Beside the fundamental interest in diffu-
S-shape dependence of the photoluminescéPcepeak po-  sion processes in semiconductor heterostructures, these
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