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Surface recombination measurements on Il1-V candidate materials
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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
InGaAIP 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.
[S0021-897€00)01107-3

INTRODUCTION EXPERIMENTAL SETUP

Surface recombination velocity was determined by abso-

As the size of optoelectronic devices become smaller . . .
. . . lute photoluminescence efficiency measurements, using a
surface effects begin to influence their performance. Surface o : f
o . . L . Setup as shown in Fig. 1. Samples are optically pumped with
recombination of carriers imposes limitations on the effi-

ciency of nanocavity light-emitting diodes, vertical cavity an appropriate laser photon energy above the band gap. The

o . . absolute external quantum efficiency is calibrated by refer-

surface emitting lasers with oxidized apertures, and other . : .

devices that require the size of the active region to be COm(::-ncmg the measured photoluminescence against the scattered
arable to the r?ﬁnorit carrier diffusion len tr? In this stud light reading from a perfect white Lambertian reflectdn

P y gth. Y this way, the collection cone solid angle of the photodetector

we concentrated on surface characterization of different mai—S identical in both measurements. Corrections are made for
terial systems and identification of those suitable for nanoycce et transmission through the optical setup and the de-

fabrlcz_;ltlo; of a;c:;ve c?p]tcpetlectrorgc de_\t;lcetsr; This ar_tlcle tls ector quantum efficiency ratio at the photoluminescence and
organized as follows: first we ‘describe the experimenta ump wavelengths. A simple radiative transport mddsl

Zetuptra]md the z:::?soiyte callbratt'lon technique, thep we Intr ised to obtain the internal quantum efficiency of the active
uce the recombinalion properties we are measuring or MoGg ieria| from the measured external quantum efficiency.

eling. A rad_|at|\_/e transport mode_l based on the photc_)r_+ gasFurthermore, comparison of the internal quantum efficiency
approximation is used to extract internal quantum efficiency ., gouple heterostructure samples against that from the
from the absolute photoluminescence measurements in the, 1y hje5 with an exposed active region provides information

context of an InGa N sample. The same model With o, e syrface recombination velocity of the exposed sur-
slight modifications was used for two other systems:,..o

Ing 5(Gay _,Aly) 5P and IR s:Ga 4As. Gallium nitride and
chemically passivated InGaA; W@II be shqwn t0 POSSeSS & A ATIVE TRANSPORT MODEL
relatively low surface recombination velocitpn the order
of 1x10* cm/s while the InGaAIP material system has sur- We begin with some definitions:
face recombination velocity an order of magnitude higher. (1) External quantum efficiencye, is defined as a ratio
We also show that surface damage produced by chemicallgf the number of photoluminescen¢eL) photons coming
assisted ion beam etching can be cured by a gentle wet etchut of the sample to the number of photons absorbed in the
ing and chemical passivation. sample. This is a quantity we can measure.

(2) Internal radiative quantum efficienay,, is the prob-
apresent address: AT&T Labs, Red Bank, NJ 07701, ability that an electron—hole pair created in the active region

YAuthor to whom correspondence should be addressed; electronic maiV..ViII recombin_e radiatively. mtema_l quamu_m efficiency is a
eliy@ee.ucla.edu figure-of-merit for an optoelectronic material.
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FIG. 1. Experimental setup for photoluminescence measurements. The ab-
solute external quantum efficiency is measured by calibrating the measured Al, ,,Ga, N Cap 100
photoluminescence from the sample against the reading measured from the _
laser scattered off a perfect white Lambertian reflector. The collection cone 801
is the same for both measurements, so that only a correction for the system ppCagsVIGaN  NQW -y
wavelength dependence of detector quantum efficiency has to be taken into Al sGa,osN Cladding 251
account. —
< GaN < 2p
_‘L
. . - . . < Sapphire substrate < |200
(3) Light extraction efficiencynayacioniS @ fraction of e

internally generated PL photons that manage to escape from ()
the sample. It depends strongly on the geometry of the _ _ o
sample. It also depends on the internal quantum efficiency {f'G: 2 (@ The semiconductor structure corresponding to the radiative
R . . . transport model consists of a thin semiconductor film sitting on a sapphire
reabsorption in the active region has to be taken into accoungpstrate(b) The schematics of the AlGaN/InGaN MQW structure grown
For certain simple geometries, light extraction efficiency carby MOCVD on aC-plane sapphire substrate.
be easily calculated.
(4) Finally, if optical pumping creates electron—hole
pairs outside of the active region, we define collection effi-z 5, N, photons are reabsorbed, whétés the escape prob-
ciency ¢ as a fraction of carriers that diffuse to the active ability of an emitted photon and is the reabsorption prob-
region. If all carriers are collected in the active regioRy  ability. Then the reabsorbed photons are reemitted in the
=1 amountznﬁan. Absorption and reemission continues lead-
Combining all these definitions, external quantum effi-ing to a number of escaped photdig, gives by the sum of
ciency can be expressed in terms of the three other quanty geometric series

ties, which can be measured or calculated:
Nese=EninlN1 +E nint(z 77intN1) +E 77int(Z 77int)(z 7]intN1)

Nexternai™ 7coll 7int extract: 1
o . . . E»nxN
Initially we will describe a radiative transport model + ...:ﬂ_ )
used to calculate internal quantum efficiency in G&Ror 1-Z i

InGaAlP and InGaAs the models employed are almost iden- ¢ js clear from Eq.(2) that reabsorption plays a signifi-
tical, except they t_ake into account the samples’ structurgnt role only if internal quantum efficiency is high.

such as an absorb|_ng substrate in the case of_InG}iAB?. Keeping in mind that external quantum efficiengy,,

can be seen from Fig(@, the InGaN model considers a film he quantity that we measure, is the ratio of the number of
of GaN (refractive indexngay=2.3) grown on the sapphiré gqcapned photons to the number of photons incident on the

substrate with refractive indexs=1.8. There are two critical sample, i.e.77ex= Nosd/ Nire, We can invert Eq(2) and solve
angles and two escape cones associated with them: total ifor internal quantum efficiencyy;

ternal reflection at the semiconductor—air interfagg;

=arcsin(1lhgyy) and at the semiconductor—sapphire inter- _ (7ex/ETine) @
face 6c,=arcsinfig/ngn). We employ geometrical optics it = Neon+ Z( ﬂext/ETinc)'

to calculate escape and reabsorption probabilities. Spontane-

ous emission is assumed to have an isotropic angular distri.n€ escape probabilig is given by the Fresnel transmission

bution. Since the GaN film is relatively thick compared to Probability T(9) integrated over the escape cone solid angle
the wavelength of light in the materidbee Fig. 2n)], a  and divided by 4 sr

statistical ray optics modkis justified and the calculation of 1 (2w oc, _ (T)
emission into individual electromagnetic motiés not nec- E=1- d(pf T(@)sin 6 do=——=~0.07, (4)
essary o 0 NGan

Suppose N;,c photons are incident on the sample. where(T) stands for the transmission coefficient averaged
NincTinc €lectron—hole pairs are created in the cap layer obver the escape cone. Now we will address the reabsorption
the sample, wherd,,. is the Fresnel transmission for the probability Z.
incident wave.N;= N Tinc?7con Of them will reach the ac- The diameter of the pump laser beam is aboutus0,
tive region. If the material internal efficiency ig,;, then  which is much larger than the InGaN/GaN film thickness
7imN1 photons are emittedi 7;;N; photons escape, and (=2 um) and both are much thinner than the sapphire sub-
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strate. We will assume that photons reabsorbed outside of tH8). This procedure will be useful if the experimental results
optically pumped region are reemitted very inefficiently, duefor 7, points to limits on;,; and n., that are reasonably
to the resulting low carrier concentratiom. Therefore, re- close to 1. For InGaN, for example, the limits will be shown
absorption and reemission are important only for photongo be 0.8% 7;,<1 and 0.8% 7., <1, constraining the ex-
bouncing inside the thin InGaN film, while photons reflectedperimental values very tightly.

from the bottom sapphire surface are negligibly recycled.

Then the fractiorZ of reabsorbed photons becomes the sum
of three terms GALLIUM NITRIDE

The InGaN multiple quantum wellMQW) structure

2w 0C i
JO d@JO (1—e s R(g)sin 6 do schematically shown in Fig.(8) was grown using metalor-

o1
S Am

ganic chemical vapor depositiotMOCVD) on a C-plane

o oc sapphire substrafelt was optically pumped using the 325

+J d(pJ *(1— e ad/cosfsin g dg nm line of a continuous wave HeCd lageFhe lower limit

0 Oc, on internal quantum efficiencyy;,, measured and analyzed

o . by Eg. (6) ranges from 40% to 87% for various samples.

+ f d(pf *sin 6 d6 (5)  Variation in the sample quality was correlated with the num-

0 fc, ber of quantum wells in the InGaN MQW region and was not
representing three cone angle zones @, 6. — 6., and fattributed to the pro_pe_rtie§ of the GaN cap layer. Such high
0. —(m—6.). The photons beyondﬂ(—la )1 trans?mit to internal quantum efficiencies allowed us to calculate the up-

C2 Cz , Cz per limit on the surface recombination at the GaN surface
the bottom of the sapphire substrate and are assumed not L‘i@ing the considerations below.
contribute to the remission and not to reach the photodetec- 11,4 optical absorption length for the 325 nm wavelength
tor. In Eq.(5), R(¥) is the polarization-averaged reflectivity in the GaN cap layer is only 80 nfrwhich is comparable to
of the GaN—air interfacey is the reabsorption coefficient of o cap layer thicknessg,;=100 nm. Therefore the pump
the active region material a_t the photolummesce_nce Wavqight is absorbed everywhere throughout the cap layer of the
length, andd is the overall thickness of the absorbing quan-gaN; and the electron—hole pairs generated near this surface
tum wells. The first term in Eq(5) describes the reabsorp- e to diffuse into the MQW region, as shown in Fi(h)?
tion within the fc, inner escape cone. The second terMy, conpribute to photoluminescence. Since the observed col-
corresponds to reabsorption of photons emitted within theection efficiencyz,, is quite good, the diffusion lengthy
second escape core, but outside the first. These photons jn GaN must be greater than the cap thickrlegg= 100 nm.
cross the active region once before they go into the substrat&@he solution of the diffusion equation in this case provides
The third term refers to reabsorption of totally internally re-an upper limit on collection efficiency
flected light in the semiconductor film. This last term domi-

nates reabsorption and is simplﬁ—nZS/nGZaNzo.GkZ, Deol< D/Lcap I S 1 1 9)
while the two other terms are merely corrections. In this" D/LcagtS D/lcapt S\ alcy, €*car—1 ’

analysis we have assumed that light reflected from th(\alvhereSis the surface recombination velocity afdis the

sapphire—air interface is reabsorbed outside of the °ptica”¥1mbipolar diffusion constant. the diffusion constant of the

pumped region and does not contribute efficiently to furtherSIOWer species, which are holes. Inverting &), yields an
photoluminescence.

. . . upper limit on the surface recombination velocity in
_There is a problem with EG3), since thene On the 5 o N \which is S<0.3D/L~3X 10 cmis with the
right hand side is not exactly known, but is surely less thandiffusion constant assumédo be 1 cm/s in undooed
1. Therefore Eq(3) gives a lower limit to7;, P

Al g.05Ga.9N.
(ext/ ETine) We also made a measurement of the sample with the 300
Nint= : ®  nm thick cap layer and the same quantum w@W). In this
1+ Z(9ext/ ETine)

case the absorption length was smaller than the cap thick-
Likewise, Eq.(3) can be solved for the collection efficiency ness, that isrLc,>1, and the last term in Eq9) becomes

Neoll small. The expression for the collection efficiency becomes
: o simpler, corresponding to having all carriers generated at the
Dol = (7ext/ ETine) (1= Z 7iny) . @) surface(see Appendix
| int | . | D/LCap
Once againy;, on the right hand side of Eq7) is not Neol= (10

exactly known, but it is surely less than 1. Therefore we can D/Lcagt S
use Eq.(7) to place a lower limit on carrier collection effi- The value for surface recombination velocity obtained from
ciency this measurement with the same assumption Bas2.8
x 10* cm/s, in good agreement with the previous result.
Teol™ (7ext/ E Tind) (1= 2). ® The optical model described above neglects reflections
Thus a measurement at,,; can place at a lower limit on  from the bottom surface of the sapphire substrate since most
7int through Eq.(6) and a lower limit onz.y, through Eq. of those photons are reflected and absorbed outside of the
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FIG. 3. Dry etching produces good surface morphology but causes damage InGaAlP :ﬁ 0.75 um
which reduces drastically the material photoluminescence efficiency. This > 4 H
can be recovered by a subsequgrs KOH:H,0 (0.04 M) wet-etching step InAIP Cladding | um
that removes the damage.
=
. . . GaAs Substrate 250 um
optically pumped region, and cannot be re-emitted. The

pump level for these experiments was 10 mW onto a0 -
diam spot, or~500 W/cnf. At lower pumping intensities the (b)

internal PL efficiency goes down, due to the requirement of &IG. 4. (a The InGaAlP sample consists of 0.7%m thick
high np product to generate high efficiency. Therefore ab-IngsGa.oAloedosP (A=630 nm active region doped at then

sorption and emission outside of the pumped region is inef= 10" cm~2 level sandwiched betweeantype InAIP cladding layers grown
ficient and can be neglected on absorbing GaAs substratéh) When the top InAIP cladding layer is

o . . etched away, the nonradiative surface recombination on the exposed surface
Fabrication of nanoscale devices often involves dry etchot the active region becomes the dominant recombination process.

ing. However, as is the case with GaAs and InP compounds,
we found that the dry etching process leaves a damaged GaN
surface, Whlqh increases the surffice recom,k,nnanon Veloc'%fficiency, dropped by a factor of 30. Since the thickness of
In our experiment, the PL of an “as-grown” GaN sample . A . e .

. . ; the active region is less than the typical diffusion length in
was first measured to determine the internal quantum effi,

. - : this material system, and there is a potential barrier at the
ciency and the surface recombination velo¢BRV), which substrate side of the active layer, the carrier density distribu-
was found to beS=2.8x10* cm/s. The sample was then yer, Y

. . . . . . tion is constant, even though electron—hole generation oc-
etched in a chemically assisted ion beam etching machine focrurs mostly at the top interfacesee Appendix For that
1 min in Ar"+Cl,, which removed 30 nm from the top cap y P bp

layer. Figure 3 shows that after etching, the integrated PLreason internal quantum efficiency of an as-grown structure

from the sample dropped by a factor of 3.5, and SRV in_and a structure with an exposed active region is simply de-

creased G5~ 7> 10' cs. However, a gertle wet eccning 0T 1 (oAt 00 e eat S e e
in KOH:H,0 (0.04 M) for 5 s resulted in a dramatic recovery ' y

of the PL efficiency, with a consequent decrease in the Surr_leterostructure 'S

face recombination velocity, back ®=2.9x10* cm/s, as 1/7g
shown in Fig. 3. It is interesting that the wet etching depth  7as-growri™
was only 5—10 nm of material, which indicates that the dam-

age introduced by the dry etching step is very shallow, aland the efficiency when the InAIP cap of the double hetero-

P —— 11
1/TNR+ 1/TR

lowing it to be effectively removed. structure is etched away is
1/7
INGaAIP = R (12)
etched™ 1/TNR+ 1/TR+ S/L ,

In this case we studied samples consisting of a @QuiFb
thick Ing 5(Gay _4Al,) o sP (N=630 n) active region doped at where 7z and 7yg are radiative and nonradiative minority
n=10' cm 2 level sandwiched betweentype InAIP clad-  carrier lifetimes and_ is the thickness of the active region.
ding layers grown on an absorbing GaAs substidig.  We can estimate the surface recombination velocity from the
4(a)]. The sample was optically pumped with the cw 568 nmdoping level of the active regioN,=10'" cm 2 and a typi-
argon—krypton laser, which is not absorbed by the InAlPcal value of the radiative recombination constaBt~4
cladding layer. This isotype double heterostructure allowedx 10 1° cm®s using Eq.(11). The recombination rates
us to be unconcerned aboptn junction effects. Internal would be 1#/g=BNp=4%x10" s, 1/rg=10" s L The
quantum efficiency of the as-grown double heterostructuresurface recombination velocity is easily obtained from Eq.
sample was measured to be 80%. After the top cladding wad 2) and equal$S=10°> cm/s. This is about twice the surface
removed with a HPO,:H,0:H,0 (5:1:1) etching solution as recombination velocity previously reported for InG¥RSur-
shown in Fig. 4b), the surface of the active region was ex- face treatment with ammonium sulfide used in Ref. 10 did
posed to air. The PL signal, and hence internal quantunmot show any increase in PL signal. The poor surface prop-
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Etch Depth (nm) The increase in PL as the etch depth increases from O to
0 100 200 300 400 500 600 280 nm, just prior to the exposure of the active region, is
06 ’ ' ' ' ' ' explained by considering all the possible recombination
° channels for the photogenerated carrier concentration. The
0.5 1 - RS . .
- ° distribution of carriers with deptle, measured from the
E 0.4 - I sample surface, obeys the diffusion equation and can be writ-
2 ten as
Z 034 o
E n(z)=L-sinf<L_z) (13
= 021 . I sinh(L/Lp) Ly /'
0.1 1 : wheren, is the carrier concentration at the surfaee=Q), L
is the thickness of the InAIP layer, ard, is the carrier
0.0 - y v T F oyt diffusion length. IfP denotes the total carrier concentration
0 50 100 150 200 250 300 generated per area per time, the carriers will recombine ac-
Etch Time (s) cording to

FIG. 5. Dependence of PL signal from the InGaAIP sample on the etch Ln(z) an
depth. The experimental data are shown with open circles. The signal in- p=g. N(z)|,=o+ f —~dz—D—
creases as the cap layer gets thinner, and drops when the active layer be- o T 0z
comes exposed. The solid line represents the fit obtained from solving the

diffusion equation. where S is the surface recombination velocity of the InAIP

cap layer,D is the ambipolar diffusion coefficient andis
the carrier lifetime. The first term in Eq14) describes the

erties could be attributed to the presence of aluminum and it%ractlon of carriers that recombine at the surface. The second

T o : erm accounts for recombination in the InAIP layer and the
oxidation. The measured surface recombination velocity, al:,". . .
Do . . L third one represents the fraction of carriers collected by the
though significantly higher than in GaN, is still an order of

magnitude lower than that of an AlGaAs surface. Still there2Clive region. The collection efficiencys is the ratio of
. . the last term and the total recombination rBte
is a chance that some chemical treatment or regrowth tech-

nigue might be established for the InGaAIP material system. ~ Don
In our PL measurements on the exposed active region, the 7=~ p 7
surface degraded during a 30 s interval under an 8 mW laser _ _ _ _
beam focused to a 5@m diam spot. Every time the laser After algebraic manipulations, Eqgl4) and(15) result in a
beam was moved to a new location on the sample, the PBimple expression for the collection efficiengy,
refreshed, and then decayed again. At lower pump power, the -1

) X Sy, .
surface degraded more slowly. This observation suggests the , = 5 sinh(L/Lp)+coshL/Lp)| . (16)

possibility of sealing or passivation of the surface before it

oxidizes. _ o The first 14 points in Fig. 5 correspond to thinning down
We have also used an ultraviolet laser emitting at 325, cap layer, and can be used to extragt and S/D by

nm to measure the surface recombination velocity in thgjying £q, (16) to them. The fitted curve is plotted as a solid

Ing Alo 5P cap layer. Unlike the experiments with the Kr—Ar jine in Fig. 5. The values obtained for the fitting parameters

laser, the pump light in this case is absorbed in the top,a e Lp=131.3 nm andS/D=0.098 nm. The diffusion

IngsAlo P layer. The absorption length at the 325 nMengiy resulting from the fitting is small, corresponding to a

1 . .
wavelengtft is only 13 nm and thus the carrier photogenera—"fetime of only 7= LZD/D= 173 ps, where a diffusion coef-

tion occurs in a very thin layer close to the sample surfaceficient of D=1 cn?/s was assumed. Using this same value
An absolute external quantum eff|C|ency. measurement Wags p i, conjunction with theS/D value obtained above, a
performed on the “as-grown” sample, using a setup s'm'larsurface recombination velocitp=9.8x10° cm/s is ob-

to th"_"t describeq in Fig. 1 Th.e _SamP'e was then etched in fhined. This is a factor of 10 higher than the surface recom-
solution of BP0, H,0,:H,0 (5:1:1), with an etch rate of 2.2 ination velocity obtained for the active region, which is

nm/s and the PL efficiency as a function of remaining cap,ohaply related to the 50% aluminum concentration in the
thickness was plotted. At first we saw a large increase in the, |p cladding layer.

external PL emitted by the sample, until we reached an etch

depth of about 280 nm. This happened because the carritf-rGaA

generation region was getting closer to the potential well”

For larger etch depths, the PL dropped rapidly and stabilized Surface recombination velocity was also studied on a 20
at a very low level, below that of the “as-grown” sample, as nm n-type In, 54G&, 47/AS single QW structure with InP clad-
shown with open circles in Fig. 5. The rapid decrease correding layers grown on an InP substrate and separated from the
sponds to the complete removal of the top InAIP cap layersubstrate by an undoped Am InGaAs etch-stop layer as
when the active region becomes exposed td?ltis intro-  shown in Fig. a). The QW donor impurity concentration
duces a large defect density, increasing the nonradiative revasn~10'® cm™3. This structure was designed for the fab-
combination rate. rication of a thin-film cavity-enhanced light-emitting diode, a

: (19
z=L

: (15
z=L
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50 nm InP cap *  After CAIBE etching

[PE] v After wet etching
20 nm InGaAs 10 °cm 3 = After passivation/ -
.
4
SRV=4.510 cm/s
L

350 nm InP Cladding

»— SRV=1.5 IO4 cm/s

1 um InGaAs etch stop

>
InP Substrate 0

00 05 10 15 20 25
(a) Uw (um™)

FIG. 7. Inverse quantum efficiency plotted vs inverse mesa width. The slope
of the fitted lines are equal toS% .

InP Cladding so that slope of the straight line7iks 1iv gives the value of
2SR as shown in Fig. 7. The value of the relative constant
T Glass slide T B, assumed to be the same as in the InGaAIP case, was used
to calculaterg, leavingS as the only adjustable parameter.
(b) A surface recombination velocitg=4.5x 10* cm/s was ob-

FIG. 6. (&) AN ype Iny eG4 oA singl . | struct P tained by fitting Eq.(18) to the data for the mesas etched
. 6. n n-type Iny 5:Ga 47AS single quantum well structure with In : : . P :
cladding layers was grown on a InP substrate and separated from the suH—Smg the CAIBE techniquéshown in circles in Fig. Ji Af

strate by an undoped InGaAs etch-stop layby.A set of mesas of widths €I the surface damage was removed using the gentle wet
ranging from 0.12 to 2um was etched so that the edges of the active regionetch in HS0O,:H,0,:H,O (1:8:5000 solution (triangles in

were exposed. The structure was bonded to a glass slide after the substrep?g_ 7) SRV decreased t&=1.7X 10* cm/s. Further im-
removal process. provement was observed afte 5 min long passivation in a
solution of ammonium sulfide (NH,S (squares, SR¥ 1.5
x 10* cm/s. It turned out that surface damage depends on
process that involves making an array of holes in the Qwthe ion energy of the etching process. The reported results
structure and bonding it onto a glass slidie are inter-  correspond to 500 V Ar accelerating potential in the
ested in measurements of surface recombination velocity ofAIBE process. The ion damage seems to be significantly
the vertical walls produced by chemically assisted ion beansleeper when 1500 V voltage is employed, resulting in larger
etching(CAIBE) and in finding chemical treatments in order surface recombination velocities and requiring more inten-
to minimize it. A set of mesas with widths ranging from 0.12 sive cleaning.
to 2 um was etched as shown in Figib§ so that the active
region edges were exposed. The overall double heterostruSUMMARY OF MATERIAL PROPERTIES

ture was bonded to a glass slide prior to a total substrate |, this article we studied surface recombination veloci-

removal process, as shown in Fighp Intemal quantum eq iy InGaN, InGaAIP, InAIP, and InGaAs material systems
efficiency of the as-grown double heterostructure sample Waggjng ansolute calibration photoluminescence measurements.
nearly 100%. The ratio of the photoluminescence from thel'he surface recombination velocity is shown to ke

mesa etched sample to the PL signal from the intact double 1 ¢ .n/s on GaN<1.5x 10" cm/s on passivated InGaAs
heterostructure depends on the surface recombination veloc-1 5 /s on "6,5(630 Alo)osP, and ~1C° cm/s on ’

ity and the width of the mesa. As in theglf{Ga, Al )P |, A| P We also showed that residual surface damage
case, the width of _aII mesas was srr_laller than a d'ffus'or?:aused by dry etching could be removed by proper surface
length, and the carrier density was uniform across the mesg.qayment. These results suggested that InGaAs and GaN are
In this case the_ expression for quantum efficiency of the[he most favorable material systems for nanofabrication of
etched samples is very similar to that used for InGaAIP active devices based on photonic crystals.

We have also studied the ion damage produced during
_— (17 ion-beam etching. For GaN, it was found that the surface
1/mg+2S/w recombination velocity increased by a factor of 3.5 after re-
. _ . . moval by dry etching of 30 nm from the top layer. However,
wherew is the mesa width. The factor of 2 in the denomi- aantIeywetyetchiéggin KOH:40 (0.04 M) fofS syresultg:/j i\rll

nator comes from two exposed surfaces instead of one for thg dramatic recovery of the PL efficiency, with a consequent

INnGaAlP case. Also, we neglected bulk nonradiative recom-

I : .decrease in the surface recombination velocity, back to its
bination since the PL measurements of the unetched matengﬁginal value

(sf%wed |Eternal 1uantu(;n. efficiency close to 100%. Equation It is interesting that a similar effect was obtained for the

can be transformed into InGaAs material. The dry etching step produced shallow
1 1 damage, resulting in a surface recombination velocity in-
— =1+2Srz—, (18 crease by a factor of 3. A wet etching step in a
Mint w H,SO,:H,0,:H,0O (1:8:5000 solution, performed after the

1/TR
Nint=
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FIG. 8. The carriers are generated close to the surface with surface recon 0 L
bination velocityS and diffuse towards the potential well. The correspond- [$>>Vp | N ~0 © |, -t @
ing carrier density profiles are in Fig. 9. The light rays are indicated by the 1+EL—Vi
arrows from the left. n 0
n
dry etching, resulted in a recovery of the PL efficiency and a s o
reduction of the surface recombination velocity to its original 0 L VL, +sL
value. Moreover, the ion damage depends on the ion energ 0 L

of the etching process. As the accelerating potential in the

-~ . . . FJG. 9. Carrier distribution profiles(x) and collection efficiencies corre-
dry-etching process is increased, more damage is prOducesdﬁonding to the photon flud absorbed close to the surface with surface

requiring a more intensive wet-etching cleaning. recombination velocity The cap layer of thickneds is characterized by

the carrier lifetimer and diffusion constanD. We introduce a diffusion
APPENDIX: SOME SOLUTIONS OF THE DIFFUSION lengthLp= /7D and diffusion velocityV,=+D/7. The vertical axes are
EQUATION marked with the carrier density for each ca&®, (b), (c), and(d) represent

different combinations of diffusion lengths and surface recombination ve-
We list here some solutions of the steady state diffusioriocities. The top left comer of each square gives a formulafgjj,the
equation, that we used to model carrier distribution profile inficiency in each case.
two different configurations, which is given by

n sion lengthLy= /7D and diffusion velocityVp=D/r.
-DV?n+ —=G, (A1) Figure 9 summarizes carrier distribution profiles and collec-

7 tion efficiency dependence for four simple yet important
whereD is the ambipolar diffusion constant,is the carrier cases.
lifetime, andG is the volume carrier generation rate. In our When the cap is thick.>Lp, as in case$a) and(c),
experiments the carriers were generated by band-to-band athe collection efficiency is exponentially small, because most
sorption of incident light. In all our experiments the diffusion of the carriers recombine inside the cap or at the surface. If
equation had to be solved in only one dimension. The presthe surface recombination rate is smahse(a)], that isS
ence of an open surface imposes the following boundary<\v, the carriers recombine in the volume. In the presence

condition: of fast surface recombinatidcase(c)], most of the carriers
dn recombine at the surface and the rest in the volume of the cap
-D X Sn, (A2) layer.

The situation changes if the cap layer is thinner than the

whereSis called SRV, and is an important characteristic ofdiffusion length,L <L [casegb) and(d)]. The solution of
a semiconductor surface or interface. the diffusion equation is a straight line, and the recombina-
tion loss is negligible in the bulk of the cap. If the surface
recombination is small, as in cagb), the collection effi-

We consider a case when the incident light with photonciency approaches 100%. In the opposite case of strong
flux densityJ is all absorbed in the cap region and producesSRV, the collection efficiency is
electron—hole pairs close to the cap surface characterized by

1. Injection on one side (Fig. 8)

the surface recombination veloci§ The generated carriers Dol = 1
have to diffuse into the collection region as in Fig. 8. A col L L S "
situation like this took place in the GaN and, il sP ex- +E Vp ' (Ad)

periments with a thin cap layer. If the cap thicknesk,isnd
the open surface is located»at 0, and the collecting poten-
tial well is atx=L, the boundary conditions are

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

dn(0)
-D dx =Sn0) 2. Uniform injection  (Fig. 10)
and We consider the case when the incident light with uni-
n(L)=0. (A3) form photon flux density] is absorbed throughout an active

area, providing a uniform volume carrier generation 1@te
Collection efficiencyz is the fraction of the carriers as shown in Fig. 10. The photoinduced electron—hole pairs
that reach the collecting potential well. We define the diffu-can either recombine nonradiatively at the exposed surfaces
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FIG. 11. Carrier distribution profiles(x) and internal efficiencies corre-
sponding to the flux) absorbed uniformly in an active region with a single-
side open surface having surface recombination veld®ityhe active re-
gion of width 2L or depth L corresponding to Figs.(8 and 3b) is
characterized by the carrier lifetimeand diffusion constarid. The denomi-
nator in(b) can also be written as (1S7/L).

the internal quantum efficiency is close to 100%. The gen-
eration rate per unit volume i& and the carrier density is

tively in the volume or nonradiatively at the surfaces. The correspondingClose toGr.

carrier density profiles are in Fig. 11. In the InGaAlP experiments, the single
sided pump radiation came from the top, but was weakly absorbed throug

out the thickness. This vertical geometry has the identical diffusion equa-
tion solution as in(a).

characterized by the surface recombination velo8ity ra-

However, in most nanostructured materials, the diffusion
rl'ength is larger than the dimensions of the active region,
<Lp as in Figs. 1(b) and 11d). In that situation, the inter-
nal efficiency might be high only if the surface recombina-
tion velocity is small,S<Vp, as shown for Fig. 1(b). All
results in Fig. 11 can be readily used for the case with two
open surfaces, Fig. 18, e.g., the InGaAs experiment.

diatively within the active area. In the experiment on the

exposed surface of InGaAlIP, the single-sided pump radiationi
came from the top, but was weakly absorbed in the layer of

thicknessL. The diffusion constant i© and the radiative
recombination lifetime in the active region is As before,
we define the diffusion lengthp= /7D and diffusion ve-
locity Vp=1/D/7. The figure of merit in this case is the
internal quantum efficiency,,;, defined as the fraction of
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