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Surface recombination is an important characteristic of an optoelectronic material. Although surface
recombination is a limiting factor for very small devices it has not been studied intensively. We have
investigated surface recombination velocity on the exposed surfaces of the AlGaN, InGaAs, and
InGaAlP material systems by using absolute photoluminescence quantum efficiency measurements.
Two of these three material systems have low enough surface recombination velocity to be usable
in nanoscale photonic crystal light-emitting diodes. ©2000 American Institute of Physics.
@S0021-8979~00!01107-5#
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INTRODUCTION

As the size of optoelectronic devices become smal
surface effects begin to influence their performance. Surf
recombination of carriers imposes limitations on the e
ciency of nanocavity light-emitting diodes, vertical cavi
surface emitting lasers with oxidized apertures, and ot
devices that require the size of the active region to be c
parable to the minority carrier diffusion length. In this stu
we concentrated on surface characterization of different
terial systems and identification of those suitable for na
fabrication of active optoelectronic devices. This article
organized as follows: first we describe the experimen
setup and the absolute calibration technique, then we in
duce the recombination properties we are measuring or m
eling. A radiative transport model based on the photon g1

approximation is used to extract internal quantum efficien
from the absolute photoluminescence measurements in
context of an InxGa12xN sample. The same model wit
slight modifications was used for two other system
In0.5(Ga12xAl x)0.5P and In0.53Ga0.47As. Gallium nitride and
chemically passivated InGaAs will be shown to posses
relatively low surface recombination velocity~on the order
of 13104 cm/s! while the InGaAlP material system has su
face recombination velocity an order of magnitude high
We also show that surface damage produced by chemic
assisted ion beam etching can be cured by a gentle wet e
ing and chemical passivation.
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EXPERIMENTAL SETUP

Surface recombination velocity was determined by ab
lute photoluminescence efficiency measurements, usin
setup as shown in Fig. 1. Samples are optically pumped w
an appropriate laser photon energy above the band gap.
absolute external quantum efficiency is calibrated by re
encing the measured photoluminescence against the scat
light reading from a perfect white Lambertian reflector.2 In
this way, the collection cone solid angle of the photodetec
is identical in both measurements. Corrections are made
different transmission through the optical setup and the
tector quantum efficiency ratio at the photoluminescence
pump wavelengths. A simple radiative transport model3 is
used to obtain the internal quantum efficiency of the act
material from the measured external quantum efficien
Furthermore, comparison of the internal quantum efficien
from double heterostructure samples against that from
samples with an exposed active region provides informa
on the surface recombination velocity of the exposed s
faces.

RADIATIVE TRANSPORT MODEL

We begin with some definitions:
~1! External quantum efficiencyhext is defined as a ratio

of the number of photoluminescence~PL! photons coming
out of the sample to the number of photons absorbed in
sample. This is a quantity we can measure.

~2! Internal radiative quantum efficiencyh int is the prob-
ability that an electron–hole pair created in the active reg

will recombine radiatively. Internal quantum efficiency is a
figure-of-merit for an optoelectronic material.
il:

7 © 2000 American Institute of Physics
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~3! Light extraction efficiencyhextraction is a fraction of
internally generated PL photons that manage to escape
the sample. It depends strongly on the geometry of
sample. It also depends on the internal quantum efficienc
reabsorption in the active region has to be taken into acco
For certain simple geometries, light extraction efficiency c
be easily calculated.

~4! Finally, if optical pumping creates electron–ho
pairs outside of the active region, we define collection e
ciencyhcoll as a fraction of carriers that diffuse to the acti
region. If all carriers are collected in the active region,hcoll

51.
Combining all these definitions, external quantum e

ciency can be expressed in terms of the three other qu
ties, which can be measured or calculated:

hexternal5hcollh inthextract. ~1!

Initially we will describe a radiative transport mod
used to calculate internal quantum efficiency in GaN.~For
InGaAlP and InGaAs the models employed are almost id
tical, except they take into account the samples’ struct
such as an absorbing substrate in the case of InGaAlP.! As
can be seen from Fig. 2~a!, the InGaN model considers a film
of GaN ~refractive indexnGaN52.3) grown on the sapphire
substrate with refractive indexnS51.8. There are two critica
angles and two escape cones associated with them: tota
ternal reflection at the semiconductor–air interfaceuC1

5arcsin(1/nGaN) and at the semiconductor–sapphire int
face uC25arcsin(nS/nGaN). We employ geometrical optic
to calculate escape and reabsorption probabilities. Spont
ous emission is assumed to have an isotropic angular d
bution. Since the GaN film is relatively thick compared
the wavelength of light in the material@see Fig. 2~b!#, a
statistical ray optics model1 is justified and the calculation o
emission into individual electromagnetic modes4 is not nec-
essary.

Suppose Ninc photons are incident on the sampl
NincTinc electron–hole pairs are created in the cap layer
the sample, whereTinc is the Fresnel transmission for th
incident wave.N15NincTinchcoll of them will reach the ac-

FIG. 1. Experimental setup for photoluminescence measurements. Th
solute external quantum efficiency is measured by calibrating the meas
photoluminescence from the sample against the reading measured fro
laser scattered off a perfect white Lambertian reflector. The collection c
is the same for both measurements, so that only a correction for the sy
wavelength dependence of detector quantum efficiency has to be taken
account.

3498 J. Appl. Phys., Vol. 87, No. 7, 1 April 2000
tive region. If the material internal efficiency ish int , then
h intN1 photons are emitted,Eh intN1 photons escape, and
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Zh intN1 photons are reabsorbed, whereE is the escape prob
ability of an emitted photon andZ is the reabsorption prob
ability. Then the reabsorbed photons are reemitted in
amountZh int

2 N1 . Absorption and reemission continues lea
ing to a number of escaped photonsNescgives by the sum of
a geometric series

Nesc5Eh intN11Eh int~Zh intN1!1Eh int~Zh int!~Zh intN1!

1 . . . 5
Eh intN1

12Zh int

. ~2!

It is clear from Eq.~2! that reabsorption plays a signifi
cant role only if internal quantum efficiency is high.

Keeping in mind that external quantum efficiencyhext,
the quantity that we measure, is the ratio of the number
escaped photons to the number of photons incident on
sample, i.e.,hext5Nesc/Ninc , we can invert Eq.~2! and solve
it for internal quantum efficiencyh int

h int5
~hext/ETinc!

hcoll1Z~hext/ETinc!
. ~3!

The escape probabilityE is given by the Fresnel transmissio
probability T(u) integrated over the escape cone solid an
and divided by 4p sr

E5
1

4pE0

2p

dwE
0

uC1
T~u!sin u du>

^T&

4nGaN
2

'0.07, ~4!

where ^T& stands for the transmission coefficient averag
over the escape cone. Now we will address the reabsorp
probability Z.

The diameter of the pump laser beam is about 50mm,

ab-
ed
the
e

em
nto

FIG. 2. ~a! The semiconductor structure corresponding to the radia
transport model consists of a thin semiconductor film sitting on a sapp
substrate.~b! The schematics of the AlGaN/InGaN MQW structure grow
by MOCVD on aC-plane sapphire substrate.

Boroditsky et al.
which is much larger than the InGaN/GaN film thickness
~'2 mm! and both are much thinner than the sapphire sub-
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strate. We will assume that photons reabsorbed outside o
optically pumped region are reemitted very inefficiently, d
to the resulting low carrier concentrationnp. Therefore, re-
absorption and reemission are important only for phot
bouncing inside the thin InGaN film, while photons reflect
from the bottom sapphire surface are negligibly recycl
Then the fractionZ of reabsorbed photons becomes the s
of three terms

Z5
1

4p F E
0

2p

dwE
0

uC1
~12e2ad/cosu!R~u!sin u du

1E
0

2p

dwE
uC1

uC2
~12e2ad/cosu!sin u du

1E
0

2p

dwE
uC2

p2uC2
sin u duG ~5!

representing three cone angle zones 0→uC1
, uC1

→uC2
, and

uC2
→(p2uC2

). The photons beyond (p2uC2
) transmit to

the bottom of the sapphire substrate and are assumed n
contribute to the remission and not to reach the photode
tor. In Eq. ~5!, R(u) is the polarization-averaged reflectivit
of the GaN–air interface,a is the reabsorption coefficient o
the active region material at the photoluminescence wa
length, andd is the overall thickness of the absorbing qua
tum wells. The first term in Eq.~5! describes the reabsorp
tion within the uC1

inner escape cone. The second te
corresponds to reabsorption of photons emitted within
second escape coneuC2

but outside the first. These photon
cross the active region once before they go into the subst
The third term refers to reabsorption of totally internally r
flected light in the semiconductor film. This last term dom
nates reabsorption and is simplyA12nS

2/nGaN
2 >0.62'Z,

while the two other terms are merely corrections. In t
analysis we have assumed that light reflected from
sapphire–air interface is reabsorbed outside of the optic
pumped region and does not contribute efficiently to furt
photoluminescence.

There is a problem with Eq.~3!, since thehcoll on the
right hand side is not exactly known, but is surely less th
1. Therefore Eq.~3! gives a lower limit toh int

h int>
~hext/ETinc!

11Z~hext/ETinc!
. ~6!

Likewise, Eq.~3! can be solved for the collection efficienc
hcoll

hcoll5
~hext/ETinc!~12Zh int!

h int

. ~7!

Once again,h int on the right hand side of Eq.~7! is not
exactly known, but it is surely less than 1. Therefore we c
use Eq.~7! to place a lower limit on carrier collection effi
ciency

hcoll>~hext/ETinc!~12Z!. ~8!

J. Appl. Phys., Vol. 87, No. 7, 1 April 2000
Thus a measurement ofhext can place at a lower limit on
h int through Eq.~6! and a lower limit onhcoll through Eq.
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~8!. This procedure will be useful if the experimental resu
for hext points to limits onh int andhcoll that are reasonably
close to 1. For InGaN, for example, the limits will be show
to be 0.87,h int,1 and 0.87,hcoll,1, constraining the ex-
perimental values very tightly.

GALLIUM NITRIDE

The InGaN multiple quantum well~MQW! structure
schematically shown in Fig. 2~b! was grown using metalor
ganic chemical vapor deposition~MOCVD! on a C-plane
sapphire substrate.5 It was optically pumped using the 32
nm line of a continuous wave HeCd laser.2 The lower limit
on internal quantum efficiencyh int measured and analyze
by Eq. ~6! ranges from 40% to 87% for various sample
Variation in the sample quality was correlated with the nu
ber of quantum wells in the InGaN MQW region and was n
attributed to the properties of the GaN cap layer. Such h
internal quantum efficiencies allowed us to calculate the
per limit on the surface recombination at the GaN surfa
using the considerations below.

The optical absorption length for the 325 nm waveleng
in the GaN cap layer is only 80 nm,6 which is comparable to
the cap layer thicknessLcap5100 nm. Therefore the pump
light is absorbed everywhere throughout the cap layer of
GaN, and the electron–hole pairs generated near this sur
need to diffuse into the MQW region, as shown in Fig. 2~b!,
to contribute to photoluminescence. Since the observed
lection efficiencyhcoll is quite good, the diffusion lengthLD

in GaN must be greater than the cap thicknessLcap5100 nm.
The solution of the diffusion equation in this case provid
an upper limit on collection efficiency

hcoll<
D/LCap

D/LCap1S
1

S

D/LCap1S
S 1

aLCap

2
1

eaLCap21
D , ~9!

whereS is the surface recombination velocity andD is the
ambipolar diffusion constant, the diffusion constant of t
slower species, which are holes. Inverting Eq.~9! yields an
upper limit on the surface recombination velocity
Al0.05Ga0.95N, which is S,0.3D/L;33104 cm/s with the
diffusion constant assumed7 to be 1 cm2/s in undoped
Al0.05Ga0.95N.

We also made a measurement of the sample with the
nm thick cap layer and the same quantum well~QW!. In this
case the absorption length was smaller than the cap th
ness, that isaLCap@1, and the last term in Eq.~9! becomes
small. The expression for the collection efficiency becom
simpler, corresponding to having all carriers generated at
surface~see Appendix!

hColl<
D/LCap

D/LCap1S
. ~10!

The value for surface recombination velocity obtained fro
this measurement with the same assumption wasS52.8
3104 cm/s, in good agreement with the previous result.

The optical model described above neglects reflecti

3499Boroditsky et al.
from the bottom surface of the sapphire substrate since most
of those photons are reflected and absorbed outside of the
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rface
optically pumped region, and cannot be re-emitted. T
pump level for these experiments was 10 mW onto a 50mm
diam spot, or;500 W/cm2. At lower pumping intensities the
internal PL efficiency goes down, due to the requirement o
high np product to generate high efficiency. Therefore a
sorption and emission outside of the pumped region is in
ficient and can be neglected.

Fabrication of nanoscale devices often involves dry et
ing. However, as is the case with GaAs and InP compoun
we found that the dry etching process leaves a damaged
surface, which increases the surface recombination velo
In our experiment, the PL of an ‘‘as-grown’’ GaN samp
was first measured to determine the internal quantum
ciency and the surface recombination velocity~SRV!, which
was found to beS52.83104 cm/s. The sample was the
etched in a chemically assisted ion beam etching machine
1 min in Ar11Cl2, which removed 30 nm from the top ca
layer. Figure 3 shows that after etching, the integrated
from the sample dropped by a factor of 3.5, and SRV
creased toS573104 cm/s. However, a gentle wet etching8

in KOH:H2O ~0.04 M! for 5 s resulted in a dramatic recove
of the PL efficiency, with a consequent decrease in the
face recombination velocity, back toS52.93104 cm/s, as
shown in Fig. 3. It is interesting that the wet etching dep
was only 5–10 nm of material, which indicates that the da
age introduced by the dry etching step is very shallow,
lowing it to be effectively removed.

InGaAlP

In this case we studied samples consisting of a 0.75mm
thick In0.5(Ga12xAl x)0.5P ~l5630 nm! active region doped a
n51017 cm23 level sandwiched betweenn-type InAlP clad-
ding layers grown on an absorbing GaAs substrate@Fig.
4~a!#. The sample was optically pumped with the cw 568 n
argon–krypton laser, which is not absorbed by the InA
cladding layer. This isotype double heterostructure allow
us to be unconcerned aboutp-n junction effects. Internal
quantum efficiency of the as-grown double heterostruct
sample was measured to be 80%. After the top cladding
removed with a H3PO4:H2O:H2O ~5:1:1! etching solution as

FIG. 3. Dry etching produces good surface morphology but causes dam
which reduces drastically the material photoluminescence efficiency.
can be recovered by a subsequent 5 s KOH:H2O ~0.04 M! wet-etching step
that removes the damage.

3500 J. Appl. Phys., Vol. 87, No. 7, 1 April 2000
shown in Fig. 4~b!, the surface of the active region was ex-
posed to air. The PL signal, and hence internal quantu
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efficiency, dropped by a factor of 30. Since the thickness
the active region is less than the typical diffusion length
this material system, and there is a potential barrier at
substrate side of the active layer, the carrier density distri
tion is constant, even though electron–hole generation
curs mostly at the top interface~see Appendix!. For that
reason internal quantum efficiency of an as-grown struct
and a structure with an exposed active region is simply
termined by competition between the radiative and nonra
ative recombination rates. The efficiency of the intact dou
heterostructure is

has-grown5
1/tR

1/tNR11/tR

, ~11!

and the efficiency when the InAlP cap of the double hete
structure is etched away is

hetched5
1/tR

1/tNR11/tR1S/L
, ~12!

where tR and tNR are radiative and nonradiative minorit
carrier lifetimes andL is the thickness of the active region
We can estimate the surface recombination velocity from
doping level of the active regionND51017 cm23 and a typi-
cal value of the radiative recombination constant9 B;4
310210 cm3/s using Eq. ~11!. The recombination rates
would be 1/tR5BND543107 s21, 1/tNR5107 s21. The
surface recombination velocity is easily obtained from E
~12! and equalsS5105 cm/s. This is about twice the surfac
recombination velocity previously reported for InGaP.10 Sur-

ge
is

FIG. 4. ~a! The InGaAlP sample consists of 0.75mm thick
In0.5~Ga0.92Al0.08)0.5P ~l5630 nm! active region doped at then
51017 cm23 level sandwiched betweenn-type InAlP cladding layers grown
on absorbing GaAs substrate.~b! When the top InAlP cladding layer is
etched away, the nonradiative surface recombination on the exposed su
of the active region becomes the dominant recombination process.

Boroditsky et al.
m
face treatment with ammonium sulfide used in Ref. 10 did
not show any increase in PL signal. The poor surface prop-

 license or copyright, see http://jap.aip.org/jap/copyright.jsp



d
a

of
r

ec
m
t

as
r
P

, t
t

2
th
r

to
m
ra
c
w
la
in

a
th
tc
rr
el
ze
as
rre
e

0 to
is

ion
The

rit-

n
ac-

P

ond
he
the

n

id
ers

a
-
ue

m-
is
the

20
-

the
s

tc
l i

er
t

erties could be attributed to the presence of aluminum an
oxidation. The measured surface recombination velocity,
though significantly higher than in GaN, is still an order
magnitude lower than that of an AlGaAs surface. Still the
is a chance that some chemical treatment or regrowth t
nique might be established for the InGaAlP material syste
In our PL measurements on the exposed active region,
surface degraded during a 30 s interval under an 8 mW l
beam focused to a 50mm diam spot. Every time the lase
beam was moved to a new location on the sample, the
refreshed, and then decayed again. At lower pump power
surface degraded more slowly. This observation suggests
possibility of sealing or passivation of the surface before
oxidizes.

We have also used an ultraviolet laser emitting at 3
nm to measure the surface recombination velocity in
In0.5Al0.5P cap layer. Unlike the experiments with the Kr–A
laser, the pump light in this case is absorbed in the
In0.5Al0.5P layer. The absorption length at the 325 n
wavelength11 is only 13 nm and thus the carrier photogene
tion occurs in a very thin layer close to the sample surfa
An absolute external quantum efficiency measurement
performed on the ‘‘as-grown’’ sample, using a setup simi
to that described in Fig. 1. The sample was then etched
solution of H3PO4:H2O2:H2O ~5:1:1!, with an etch rate of 2.2
nm/s and the PL efficiency as a function of remaining c
thickness was plotted. At first we saw a large increase in
external PL emitted by the sample, until we reached an e
depth of about 280 nm. This happened because the ca
generation region was getting closer to the potential w
For larger etch depths, the PL dropped rapidly and stabili
at a very low level, below that of the ‘‘as-grown’’ sample,
shown with open circles in Fig. 5. The rapid decrease co
sponds to the complete removal of the top InAlP cap lay
when the active region becomes exposed to air.12 This intro-

FIG. 5. Dependence of PL signal from the InGaAlP sample on the e
depth. The experimental data are shown with open circles. The signa
creases as the cap layer gets thinner, and drops when the active lay
comes exposed. The solid line represents the fit obtained from solving
diffusion equation.

J. Appl. Phys., Vol. 87, No. 7, 1 April 2000
duces a large defect density, increasing the nonradiative r
combination rate.
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The increase in PL as the etch depth increases from
280 nm, just prior to the exposure of the active region,
explained by considering all the possible recombinat
channels for the photogenerated carrier concentration.
distribution of carriers with depthz, measured from the
sample surface, obeys the diffusion equation and can be w
ten as

n~z!5
n0

sinh~L/LD!
•sinhS L2z

LD
D , ~13!

wheren0 is the carrier concentration at the surface (z50), L
is the thickness of the InAlP layer, andLD is the carrier
diffusion length. IfP denotes the total carrier concentratio
generated per area per time, the carriers will recombine
cording to

P5S•n~z!uz501E
0

Ln~z!

t
dz2D

]n

]zU
z5L

, ~14!

whereS is the surface recombination velocity of the InAl
cap layer,D is the ambipolar diffusion coefficient andt is
the carrier lifetime. The first term in Eq.~14! describes the
fraction of carriers that recombine at the surface. The sec
term accounts for recombination in the InAlP layer and t
third one represents the fraction of carriers collected by
active region. The collection efficiencyhcoll is the ratio of
the last term and the total recombination rateP

h52
D

P

]n

]z U
z5L

. ~15!

After algebraic manipulations, Eqs.~14! and ~15! result in a
simple expression for the collection efficiencyhcoll

hcoll5FSLD

D
•sinh~L/LD!1cosh~L/LD!G21

. ~16!

The first 14 points in Fig. 5 correspond to thinning dow
the cap layer, and can be used to extractLD and S/D by
fitting Eq. ~16! to them. The fitted curve is plotted as a sol
line in Fig. 5. The values obtained for the fitting paramet
were LD5131.3 nm andS/D50.098 nm21. The diffusion
length resulting from the fitting is small, corresponding to
lifetime of only t5LD

2 /D5173 ps, where a diffusion coef
ficient of D51 cm2/s was assumed. Using this same val
of D in conjunction with theS/D value obtained above, a
surface recombination velocityS59.83105 cm/s is ob-
tained. This is a factor of 10 higher than the surface reco
bination velocity obtained for the active region, which
probably related to the 50% aluminum concentration in
InAlP cladding layer.

InGaAs

Surface recombination velocity was also studied on a
nm n-type In0.53Ga0.47As single QW structure with InP clad
ding layers grown on an InP substrate and separated from
substrate by an undoped 1mm InGaAs etch-stop layer a
shown in Fig. 6~a!. The QW donor impurity concentration

18 23

h
n-
be-
he

3501Boroditsky et al.
e-wasn;10 cm . This structure was designed for the fab-
rication of a thin-film cavity-enhanced light-emitting diode, a
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process that involves making an array of holes in the Q
structure and bonding it onto a glass slide.13 We are inter-
ested in measurements of surface recombination velocity
the vertical walls produced by chemically assisted ion be
etching~CAIBE! and in finding chemical treatments in ord
to minimize it. A set of mesas with widths ranging from 0.1
to 2 mm was etched as shown in Fig. 6~b! so that the active
region edges were exposed. The overall double heteros
ture was bonded to a glass slide prior to a total subst
removal process, as shown in Fig. 6~b!. Internal quantum
efficiency of the as-grown double heterostructure sample
nearly 100%. The ratio of the photoluminescence from
mesa etched sample to the PL signal from the intact dou
heterostructure depends on the surface recombination ve
ity and the width of the mesa. As in the In0.5(Ga12xAl x)P
case, the width of all mesas was smaller than a diffus
length, and the carrier density was uniform across the m
In this case the expression for quantum efficiency of
etched samples is very similar to that used for InGaAlP

h int5
1/tR

1/tR12S/w
, ~17!

wherew is the mesa width. The factor of 2 in the denom
nator comes from two exposed surfaces instead of one fo
InGaAlP case. Also, we neglected bulk nonradiative reco
bination since the PL measurements of the unetched mat
showed internal quantum efficiency close to 100%. Equa
~17! can be transformed into

1 1

FIG. 6. ~a! An n-type In0.53Ga0.47As single quantum well structure with InP
cladding layers was grown on a InP substrate and separated from the
strate by an undoped InGaAs etch-stop layer.~b! A set of mesas of widths
ranging from 0.12 to 2mm was etched so that the edges of the active reg
were exposed. The structure was bonded to a glass slide after the sub
removal process.
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h int

5112StR w
, ~18!
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so that slope of the straight line 1/h vs 1/w gives the value of
2StR as shown in Fig. 7. The value of the relative consta
B, assumed to be the same as in the InGaAlP case, was
to calculatetR , leavingS as the only adjustable paramete
A surface recombination velocityS54.53104 cm/s was ob-
tained by fitting Eq.~18! to the data for the mesas etche
using the CAIBE technique~shown in circles in Fig. 7!. Af-
ter the surface damage was removed using the gentle
etch in H2SO4:H2O2:H2O ~1:8:5000! solution ~triangles in
Fig. 7! SRV decreased toS51.73104 cm/s. Further im-
provement was observed after a 5 min long passivation in a
solution of ammonium sulfide (NH4)2S ~squares, SRV51.5
3104 cm/s!. It turned out that surface damage depends
the ion energy of the etching process. The reported res
correspond to 500 V Ar1 accelerating potential in the
CAIBE process. The ion damage seems to be significa
deeper when 1500 V voltage is employed, resulting in lar
surface recombination velocities and requiring more int
sive cleaning.

SUMMARY OF MATERIAL PROPERTIES

In this article we studied surface recombination velo
ties in InGaN, InGaAlP, InAlP, and InGaAs material system
using absolute calibration photoluminescence measurem
The surface recombination velocity is shown to be,3
3104 cm/s on GaN,,1.53104 cm/s on passivated InGaAs
;105 cm/s on In0.5(Ga0.9Al0.1)0.5P, and ;106 cm/s on
In0.5Al0.5P. We also showed that residual surface dam
caused by dry etching could be removed by proper surf
treatment. These results suggested that InGaAs and GaN
the most favorable material systems for nanofabrication
active devices based on photonic crystals.

We have also studied the ion damage produced du
ion-beam etching. For GaN, it was found that the surfa
recombination velocity increased by a factor of 3.5 after
moval by dry etching of 30 nm from the top layer. Howeve
a gentle wet etching in KOH:H2O ~0.04 M! for 5 s resulted in
a dramatic recovery of the PL efficiency, with a consequ
decrease in the surface recombination velocity, back to
original value.

It is interesting that a similar effect was obtained for t
InGaAs material. The dry etching step produced shall
damage, resulting in a surface recombination velocity

ub-

n
rate

FIG. 7. Inverse quantum efficiency plotted vs inverse mesa width. The s
of the fitted lines are equal to 2StR .

Boroditsky et al.
crease by a factor of 3. A wet etching step in a
H2SO4:H2O2:H2O ~1:8:5000! solution, performed after the
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dry etching, resulted in a recovery of the PL efficiency an
reduction of the surface recombination velocity to its origin
value. Moreover, the ion damage depends on the ion en
of the etching process. As the accelerating potential in
dry-etching process is increased, more damage is produ
requiring a more intensive wet-etching cleaning.

APPENDIX: SOME SOLUTIONS OF THE DIFFUSION
EQUATION

We list here some solutions of the steady state diffus
equation, that we used to model carrier distribution profile
two different configurations, which is given by

2D¹2n1
n

t
5G, ~A1!

whereD is the ambipolar diffusion constant,t is the carrier
lifetime, andG is the volume carrier generation rate. In o
experiments the carriers were generated by band-to-band
sorption of incident light. In all our experiments the diffusio
equation had to be solved in only one dimension. The p
ence of an open surface imposes the following bound
condition:

2D
dn

dx
5Sn, ~A2!

whereS is called SRV, and is an important characteristic
a semiconductor surface or interface.

1. Injection on one side „Fig. 8 …

We consider a case when the incident light with pho
flux densityJ is all absorbed in the cap region and produc
electron–hole pairs close to the cap surface characterize
the surface recombination velocityS. The generated carrier
have to diffuse into the collection region as in Fig. 8.
situation like this took place in the GaN and In0.5Al0.5P ex-
periments with a thin cap layer. If the cap thickness isL, and
the open surface is located atx50, and the collecting poten
tial well is at x5L, the boundary conditions are

2D
dn~0!

dx
5Sn~0!

and

n~L !50. ~A3!

FIG. 8. The carriers are generated close to the surface with surface re
bination velocityS and diffuse towards the potential well. The correspon
ing carrier density profiles are in Fig. 9. The light rays are indicated by
arrows from the left.

J. Appl. Phys., Vol. 87, No. 7, 1 April 2000
Collection efficiencyhcoll is the fraction of the carriers
that reach the collecting potential well. We define the diffu
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sion length LD[AtD and diffusion velocityVD[AD/t.
Figure 9 summarizes carrier distribution profiles and coll
tion efficiency dependence for four simple yet importa
cases.

When the cap is thick,L@LD , as in cases~a! and ~c!,
the collection efficiency is exponentially small, because m
of the carriers recombine inside the cap or at the surface
the surface recombination rate is small@case~a!#, that isS
,VD , the carriers recombine in the volume. In the prese
of fast surface recombination@case~c!#, most of the carriers
recombine at the surface and the rest in the volume of the
layer.

The situation changes if the cap layer is thinner than
diffusion length,L!LD @cases~b! and ~d!#. The solution of
the diffusion equation is a straight line, and the recombi
tion loss is negligible in the bulk of the cap. If the surfa
recombination is small, as in case~b!, the collection effi-
ciency approaches 100%. In the opposite case of str
SRV, the collection efficiency is

hcoll5
1

11
L

LD

S

VD
. ~A4!

As can be seen from the four cases in Fig. 9, a h
collection efficiency requires both a low surface recombin
tion velocity and a thin cap layer.

2. Uniform injection „Fig. 10 …

We consider the case when the incident light with u
form photon flux densityJ is absorbed throughout an activ
area, providing a uniform volume carrier generation rateG,

m-

e

FIG. 9. Carrier distribution profilesn~x! and collection efficiencies corre
sponding to the photon fluxJ absorbed close to the surface with surfa
recombination velocityS. The cap layer of thicknessL is characterized by
the carrier lifetimet and diffusion constantD. We introduce a diffusion
length LD5AtD and diffusion velocityVD5AD/t. The vertical axes are
marked with the carrier density for each case.~a!, ~b!, ~c!, and~d! represent
different combinations of diffusion lengths and surface recombination
locities. The top left corner of each square gives a formula forhcoll , the
efficiency in each case.

3503Boroditsky et al.
-
as shown in Fig. 10. The photoinduced electron–hole pairs
can either recombine nonradiatively at the exposed surfaces
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characterized by the surface recombination velocityS or ra-
diatively within the active area. In the experiment on t
exposed surface of InGaAlP, the single-sided pump radia
came from the top, but was weakly absorbed in the laye
thicknessL. The diffusion constant isD and the radiative
recombination lifetime in the active region ist. As before,
we define the diffusion lengthLD[AtD and diffusion ve-
locity VD[AD/t. The figure of merit in this case is th
internal quantum efficiencyh int , defined as the fraction o
carriers that recombine radiatively. The carrier flux is zero
x5L, since in both cases@Figs. 10~a! and 10~b!# there is no
density gradient and the secondary boundary condition
simply

D
dn~L !

dx
50. ~A5!

The carrier distribution profiles and corresponding int
nal quantum efficiencies are summarized in Fig. 11, wh
considers four different cases depending on the relation
tweenL andLD andS andVD .

If L@LD @Figs. 11~a! and 11~c!#, only a small fraction of
the active region near the edge is affected by surface rec

FIG. 10. Carriers are injected uniformly, and can either recombine ra
tively in the volume or nonradiatively at the surfaces. The correspond
carrier density profiles are in Fig. 11. In the InGaAlP experiments, the sin
sided pump radiation came from the top, but was weakly absorbed thro
out the thicknessL. This vertical geometry has the identical diffusion equ
tion solution as in~a!.

3504 J. Appl. Phys., Vol. 87, No. 7, 1 April 2000
bination. Thus most of the recombination occurs radiativel
in the active region and, almost independently of the SRV
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the internal quantum efficiency is close to 100%. The g
eration rate per unit volume isG and the carrier density is
close toGt.

However, in most nanostructured materials, the diffus
length is larger than the dimensions of the active regionL
!LD as in Figs. 11~b! and 11~d!. In that situation, the inter-
nal efficiency might be high only if the surface recombin
tion velocity is small,S!VD , as shown for Fig. 11~b!. All
results in Fig. 11 can be readily used for the case with t
open surfaces, Fig. 10~a!, e.g., the InGaAs experiment.
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