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Picosecond time-resolved luminescence studies of surface and bulk recombination processes in InP
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Recombination processes in InP have been studied using picosecond-time-resolved photoluminescence
(PL). The technique makes it possible to measure the intrinsic surface recombination velocity (SRV) and

the bulk lifetime ~ directly and independently. The results show that both p- and n-type InP(110) etched
surfaces have similarly low SRV, contrary to commonly accepted values. Moreover, it is found that n-

type InP is distinguished by a very long nonradiative lifetime ~„, (320 ns) and the bulk recombination

process is mainly radiative. On the other hand, the ~„, of p-type InP is very small ( 33 ns), apparently
due to a high concentration of deep traps, and nonradiative bulk recombination is dominant. These re-

sults are discussed in view of other measurements and models. The SRV of metal/InP interfaces shows a

strong dependence on the reactivity of the metal-semiconductor anion pair, which resembles the depen-

dence found for the Schottky-barrier height at these interfaces. These measurements are compared to
results also obtained in this work for UHV-cleaved surfaces.

I. INTRODUCTION

In the last decade there has been considerable interest
in InP both as a prototypical III-V compound suitable for
basic studies, and as a potential candidate for a variety of
electronic and optoelectronic devices. InP plays a crucial
role in the high performance of Ga, „In„As, ~P~ (Ref.
1) and Ga, „In„As (Ref. 2) avalanche photodiodes,
lasers, and light-emitting diodes. It also has important
applications in integrated electro-optics and in a variety
of microwave and high-speed digital circuits due to its
high-saturation drift velocity and high mobility. Recent-
ly, InP-based solar cells have been recognized as having
great potential for space applications because of their ex-
traordinary radiation resistance. Nonradiative recom-
bination of carriers plays a vital role in the performance
of these devices. Nonradiative recombination occurs
mainly through near-midgap defect levels. These defects
may be present in the volume (bulk) of the crystal or at its
surface. Bulk recombination is quantified by the excess
carrier lifetime ~, while recombination at the surface by a
parameter called surface recombination velocity (SRV).

In spite of the numerous applications of InP, very little
has been done regarding direct measurement of its ~ and
SRV. The data on both parameters are limited and some-
times inconsistent. In a recent review article it has been
shown that the lifetimes measured on n-type crystals are
in the range of 1 —3000 ns, depending on crystal quality
and growth methods. On the other hand, there is only a
single report on lifetime measurements (200 ns} in p-type
InP. The low SRV of n-type InP has been observed by
Casey and Buehler through steady-state photolumines-
cence (PL) measurements. In addition, they found that
the PL intensity of p-type InP was more than two orders

of magnitude lower than in n-type InP, similar to the
value obtained for GaAs. This led many researchers to
the conclusion that the SRV of p-type InP was very
high —around 10 cm/s. Hoffman, Gerritsen, and Nur-
mikko conducted a direct measurement of intrinsic SRV
of InP by means of transient diffraction from free-carrier
plasma gratings generated by picosecond laser pulses.
They measured SRV values of 2 X 10 and l. 5 X 10 cm/s
for n- and p-type InP, respectively. Since then, there has
been only a single other report describing direct SRV
measurements on InP.

Obviously, much more data are needed on the SRV
and ~ of InP. We report here the results of an extensive
and systematic study of surface and bulk recombination
processes in both n- and p-type InP. The measurements
were based on a time-resolved PL technique, previously
developed by our group. ' The method (described in

more detail in Sec. II) has been applied to CdS and CdSe
(Refs. 11 and 12} and recently in InP. ' Its great advan-

tage is the possibility of unambiguous determination of
both SRV and r under+at band conditions-

The method for extracting the SRV and ~ values from
the time-resolved PL measurement is briefly described in

Sec. II. The experimental techniques we have used are
described in Sec. III. Our results are presented and dis-
cussed in Sec. IV, which is divided into four subsections,
each dealing with a different subject. Section IVA de-

scribes SRV and ~ measurements on etched n-type InP
(110}. It is found that the radiative process is the dom-

inant bulk-recombination mechanism. Section IVB de-

scribes similar measurements conducted on p-type InP.
It is found that its intrinsic SRV value is low, similar to
the value obtained for n-type InP, but its bulk lifetime is

nearly two orders of magnitude smaller and is dominated
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by the nonradiative recombination process. SRV mea-
surements at (n-InP type)/ metal interfaces are presented
in Sec. IV C. Section IV D describes SRV measurements
of n-type InP performed under ultrahigh vacuum (UHV)
conditions. The results are summarized in Sec. V;

statistics as

R, = gN,
o'„v„(n, +nP)+o~~v~(p, +p f )

(5)

II. SRV AND v MEASUREMENT METHODS

SRV and ~ are typically determined by measuring de-
cay times of excess carriers generated by optical means.
These decay times depend on several parameters: (1) In-
tensity and penetration depth of the exciting light, (2}
diffusion of excess carriers, (3}radiative and nonradiative
bulk and surface recombination, (4) reabsorption of emit-
ted photoluminescence as a result of the radiative recom-
bination process, and (5) surface band bending.

We have developed a method for extracting SRV and ~
which takes into account the above factors. ' The
method is based on comparing PL decay curves with ex-
perimental results. The normalized, time-dependent PL
intensity, I(t},is calculated by

I(t)= f b, n (x, t)exp( —aLx)dx, (1)
p

where b n (x, t) is the excess carrier concentration and aL
is the absorption coefficient for the gap-luminescence
wavelength. The value of b, n (x, t) is calculated using the
ambipolar diffusion equation

Bb,n (x,t), 82hn(x, t) hn (x, t)+g x, t—

with the boundary conditions

Bhn (x, t)
Bx

Sp
hn (x =O, t),

x=p
(3)

b,n(x —+~t)=0, b,n(x, t =0)=0. (4)

D is the ambipolar diffusion constant, g (x, t) the laser-
generation function, ~ the effective bulk lifetime, and Sp
the ambipolar or intrinsic SRV, which will be defined
later. The use of Eq. (2) is valid only under high-
excitation conditions, as we have shown in the past. '

Under such conditions, D* and ~ are independent of the
excess carrier concentration and the bands near the sur-
face are Sat. Vaitkus' has derived an analytical solution
for Eq. (2) for the case of a 5-function excitation pulse,
where g (x, t) is given by g(x, t) =a exp( ax)5(t), w—here
a is the absorption coefficient for the excitation wave-
length. Vaitkus's solution cannot be used when the exci-
tation level decreases and the dependence of D* and v on
the excess carrier concentration cannot be neglected
anymore. In addition, it is not suitable when radiative
recombination has to be taken into account. In such
cases we have used a numerical algorithm to solve the
ambipolar diffusion equation. In both cases the PL inten-
sity was calculated according to Eq. (1) and then convo-
luted with the experimental laser-pulse instrumental
response (recorded before each PL measurement) in order
to fit the experimental PL decay curve.

It is generally accepted that the surface recombination
rate R, can be described by the Shockley-Read-Hall

Here 1V,J- is the density per unit area of surface states at
an energy level j, cr'„(o~). is the capture cross section for
electrons (holes) at surface state j, v„(v ) is the electron
(hole) thermal velocity, n f(pP) is the electron (hole) den-

sity in the conduction (valence) band if the quasi-Fermi
levels are located at the surface-state energy j [see Eq
(17)],and n, (p, ) is the surface density of electrons (holes}.
If for simplicity we assume that the recombination takes
place mainly through centers located at midgap energy
(in fact, such centers are the most effective) and that no
surface space-charge region exists ("flat-bands"
conditions —n, =p, ), then the SRV defined as

vs& =R, /b, n, can be written as

0 n Opvn v& SpnSp&
vsR =—Sp =N,

cT&vp+OpvpSp&+Sp&
(6)

where So„(S~&) are the individual surface recombination
velocities of electrons (holes) under flat-bands conditions,
defined (e.g., for holes) as So =o v N, . So is called the
"intrinsic" or "ambipolar" surface recombination veloci-
ty. In the derivation of Eq. (6) it was also assumed that
n, =p, &&nT, pT, an assumption that is valid for InP even
under moderate excitation conditions. Rzhanov and Ar-
khipura' have derived an expression identical to Eq. (6)
for the case of high-excitation (injection) conditions in
the presence of a space-charge region. Such a situation
also exists under our experimental conditions.

III. EXPERIMENT

The samples used were n- and p-type InP with either
(110) or (100) surface orientation, supplied by MCP Elec-
tronic Materials (Alperton, Middlesex, England). They
had bulk-carrier densities of n =04. 8 5X10' cm (Si-
doped), p~=4X10' cm, p0=4. 65X10' cm (Zn
doped) for (110)-oriented surfaces, and p0=5X10'6 cm
(Zn doped) for (100)-oriented surfaces. The samples were
etched by aqua regia, and atomically clean and visually
flat (110) surfaces were achieved by cleavage of bars in an
UHV chamber at pressures below 1 X 10 ' Torr.

We have set up and used two different systems for
time-resolved PL measurements. The first one is
schematically shown in Fig. 1. It is based on a cw mode-
locked Nd/YAG (Cher ent Antares) pumped cavity
dumped dye laser (Coherent Inc. 702) providing high re-
petition rate of short pulses (1 ps full width at half max-
imum). The laser was operated at a wavelength of 595
nm, and at a repetition rate of 380 kHz. The beam was
focused onto a spot size approximately 1 mm in diameter
on the crystal surface, creating an initial electron-hole
concentration of about 5 X 10' cm (based on
a =5.3 X 10 cm ' at 595-nm wavelength). The crystal
band-gap luminescence (at 925 nm) was collected by a
combination of a monochromator, a cooled MCP (mul-
tichannel plate} photomultiplier (Hamamatsu-R1564U-05
s-1 photocathode) and a time-correlated single-photon-
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FIG. 1. The main time resolved photoluminescence system.
M denotes mirrors; BS denotes beamsplitter; L denotes lens; F
denotes filters.

counting (TCSPC) system. The TCSPC is based on a
modified Tennelec constant fraction (CF) discriminator
(TC454), Tennelec TAC 864 and an IBM PC-based
multi-channel analyzer (Nucleous PCA-II). The overall
instrumental time response (full width at half maximum)
was about 50 ps. The laser repetition rate and spot size
were carefully chosen in order to prevent crystal heating
and surface damage and to ensure a stable signal during
the entire measurement time.

In order to conduct the PL experiments inside the
UHV chamber we have used the system shown schemati-
cally in Fig. 2. The excitation source is an ultrafast diode
laser (Opto-Electronics Inc. , model PLS10) providing
short pulses (35 ps full width at half maximum) at a
wavelength of 802 nm, and a maximum peak power of
680 mW. The laser is driven by a control unit (Opto-
Electronics Inc. , LCU10) which features a pretrigger out-
put with less than 5-ps jitter and a variable repetition rate
up to 30 kHz. The diode laser pulse is reflected off a di-
chroic beam spitter and focused by a ball lens (f number
of 0.69) which is inside the UHV chamber, onto a sample
surface. The crystal luminescence is collected by the
same lens and is transmitted through the beam splitter to
the photomultiplier. The reflected and scattered light are
blocked first by the dichroic beam splitter, then by two
colored glass filters (Schott RG850) and by a 920-nm in-
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FIG. 2. The time-resolved photoluminescence system used
for the measurements under UHV conditions. ACH denotes
Achromat lens; L denotes lens; F denotes filters; BS denotes
beamsplit ter.

terference filter. The laser is operated at 20 kHz and the
luminescence collection rate is kept below 1000 counts
per second. This requires a typical measurement time of
15 min in order to collect about 1000 counts at the peak
channel.

InP-metal interfaces were formed in a high vacuum
system (base pressure below 1X10 Torr) equipped with
a quartz-crystal thickness monitor. The PL of the crys-
tals was recorded in air just before each metal evapora-
tion (in order to verify the low-SRV value obtained by the
etching process) and soon afterwards. There was no
marked influence of the air exposure time on the SRV.

IV. RESULTS AND DISCUSSION

A. n-type InP

Figure 3 shows Ipg measured as a function of the excit-
ing laser pulse intensity for two different n-type InP sam-
ples with n i

= 5 X 10' cm 3 (full squares) and
nz=8X10' cm (open squares). This measurement is
carried out in order to verify the high-excitation condi-
tions.

The normalized photoluminescence intensity Ip„can
be written as

Ipi: ( no +b, n )hn (8)

The PL intensity of the two samples is normalized so that
it has the same value for a laser pulse intensity of 0.7 on
our scale. The highest intensity corresponds to —5
MW/cm (peak power) and lower-intensities were ob-
tained using calibrated neutral-density filters. The lines
represent the calculated PL intensity according to Eq. (8).

Ipi: (no +b n)(po+ Ap)

where no(po ) is the equilibrium concentration of majority
(minority) carriers. Under high excitation (b,n =hp
»po for n-type sample)
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FIG. 3. Photoluminescence intensity as a function of the
exciting-laser intensity. Open (full) squares represent the exper-
imental results for the strongly (weakly) doped sample, and the
curves are calculated according to Eq. (8).

IpL is quadratic with the laser-pulse intensity for the
weakly doped crystal. Linear regression analysis yields a
slope of —1.93 corresponding to hnp = 1.5 X 10' cm
where hnp is the initial excess-carrier concentration pro-
duced by the unattenuated laser pulse. This shows that
high-excitation conditions are satisfied for the weakly
doped crystal.

Figure 4 shows the experimental (dotted curve) and
calculated (solid curve) PL decay curves for the weakly
doped crystal (no =5X 10' crn ) measured on the 100-
ns time scale. The parameters used for obtaining the
theoretical curve were D' =4.5 cm js, a=5.3 X 10
cm ', aL =1X10 cm ', vs&=250 cmls, and r=320ns.
The values of D*, a, and aL were taken from the litera-
ture. SRV and ~ were the adjustable parameters in the

1 =8 (pe+ bp)(no+ b n ) lb n,
SJ

(9)

where B is the radiative rate constant. Under moderate
excitation conditions and for n-type samples, Eq. (9)
simplifies to

1

8(En+no) (10)

Hence r„deere ases with increasing b, n, which is in agree-
ment with our experimental results. In order to calculate
hn, taking into account the effect of the radiative recom-
bination, we have used a numerical algorithm to solve the
ambipolar diffusion equation. The equation is identical to
Eq. (2) except for r which depends on b,n according to

J' 11r

v, +v.„,
+nr

1+x„P(hn +no)

where r„, is the nonradiative (Shockley-Read) bulk life-
time. Figure 5 shows experimental (dotted curves) and
calculated (solid curves) PL decay curves for the n-type
InP crystal measured under different excitation intensi-
ties, I, given in Table I. Curve a corresponds to the unat-
tenuated laser beam with intensity I =Ip, producing an
initial (at x =0 and t =0) excess carrier concentration
hnp=3 ~ 3X10' cm . The values of hnp, B, and 'T„,
were chosen to obtain a best fit of the calculated to the

fitting procedure. Such low SRV values were predicted in
the past ' but to the best of our knowledge this is their
first direct measurement. The value of z agrees with most
of the reported values for bulk material which are be-
tween 100 and 425 ns. In general, the PL has been
found to decay faster with increasing laser intensity. This
may be due to two different reasons. (a) The dependence
of the arnbipolar diffusion constant on the excess carrier
concentration. Under high-excitation conditions
D'= 2D& —(Ref. 15) where D& is the. hole diffusion con-
stant. When the laser intensity is lowered, D' decreases,
reaching D& under low-excitation conditions. In our ex-
periments, no ~ bn ~ 100no (at x =0 and t =0, for
ne=SX10' cm ), so for the lowest laser intensity
( hn no-),D ' —1.5Dp. This small change in D ' is
insumcient to account for the observed changes in the PL
decay curves. (b} Radiative bulk recombination. The ra-
diative bulk lifetime ~„ is given for the general case by'

O IO

(Az
UJ

z )0-2—

TABLE I. A comparison between the experimental laser at-
tenuation (I/Io) and the corresponding normalized excess-
carrier concentration (hn/hno) used for calculating curves
(a)-(d), in Fig. 5.
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FIG. 4. Experimental (dotted curve) and calculated (solid
curve) photoluminescence decay curves for etched n-type InP
(n =5 X 10' cm ) measured on a 100-ns time scale.
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(c)
(d)
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Experimental Relative laser
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hn /hno

0.09
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0.30
1.00
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FIG. 5. Experimental (dotted curves) and calculated (solid

curves) photoluminescence decay curves for n-type InP
(n =5 X 10' cm ) measured under different excitation intensi-
ties. Each solid curve was calculated with a different value of
excess-carrier concentration hn given in Table I.

FIG. 6. Experimental (dotted curves) and calculated (solid
curves) photoluminescence decay curves for etched p- and n-

type InP. The calculated curves were obtained using similar
SRV values. The inset shows the decay curves for the same two
crystals measured on the 100-ns time scale.

experimental curve. Curves b, c, and d were fitted with
the same ~„, and B but with different hn values given in
Table I. The table shows a comparison between the nor-
malized laser intensity I /Io and the calculated
normalized-excess-carrier concentration (b,n /b, no) used
for calculating the different curves. IPL was calculated
according to

IPL= J [ [no+An(x, t)]An(x, t) ]exp( —al x)dx (12)
0

in order to account for the moderate excitation condi-
tions. The correlation between columns 2 and 3 in Table
I is reasonable except for the case of curve d. In that
case, the dependence of D' and ~„, on hn cannot be
neglected anymore. The curves were best fitted with
B =3X10 "cm s '. In contrast with GaAs, for which
the radiative rate constant is well known [around
(1—3)X10 ' cm s ' (Ref. 17)], no information has been
found for InP. B is a function of the semiconductor ab-
sorption spectrum, so it is assumed that its value for InP
is also around 1X10 ' cm s '. The low value of
3 X 10 " crn s ' used in our calculations is probably due
to the photon-recycling process. In this process' the
photoluminescence photons are reabsorbed producing
new electron-hole pairs which may again recombine radi-
atively. Hence the self-absorption process increases ~„—
and reduces 8 [see Eq. (10)]. In summary, the results
show that the bulk recombination process is principally
radiative.

B. p-type InP

1. Evidence for low intrinsic SR V

Figure 6 shows experimental (dotted curves) and calcu-
lated (solid curves) PI. decay curves for n and p-type -InP
of similar doping [(4—5) X 10' cm ]. Both crystal sur-
faces were identically prepared by aqua regia etching.
The parameters used for the calculated solid curves were
as follows: D*=5 cm /s, a=5.3X 10 cm ', and

aL = 1 X 10 cm ', v =320 and 4 ns for n- and p-type InP,
respectively. The most striking thing about this fit is that
the SRV for p-type InP was very low (500 cm/s), almost
as low as the valued obtained for n-type InP (200 cm/s).
It was not possible to fit the curve for p-type InP with
higher SRV and ~. The inset shows the experimental de-
cay curves for the same two crystals measured on a 100-
ns time scale.

As mentioned in Sec. I, Casey and Buehler and other
groups (see Ref. 19, and references therein) reported that
the steady-state PL intensity of n-type InP was much
higher (more than two orders of magnitude) than that of
p-type InP. Our results show that this difference is partly
due to different bulk properties while the intrinsic surface
recombination velocities are essentially similar. The
large difference in ~ between the n- and p-type crystals is
evident from the inset of Fig. 6. The steady-state PL in-
tensity is actually the area under the PL decay curve
when measured on an infinitely long time scale. Hence it
is clear that such a difference in ~ should have a pro-
nounced effect on the steady-state PL signal. This effect
also points to a great advantage of time-resolved PL as a
tool for measuring SRV. The method unambiguously
determines SRV and ~ since each parameter dominates a
different part of the decay curve.

Another factor which may decrease the PL intensity is
the presence of a surface depletion layer. Wittry and
Kyser showed that carriers generated in such a surface
layer do not recombine radiatively and designated this re-
gion as a "dead layer. " Ando, Yamaoto, and Yamagu-
chi ' calculated the PL intensity as a function of surface
potential and found that the PL intensity decreases only
by a factor of 2 when the band bending at the surface is
increased from 0.1 to 0.8 V. However, band bending can
affect the value of the PL intensity through the so-called
effective-SRV value.

An expression for the e8'ective SRV in the presence of
a depletion layer at the semiconductor surface has been
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presented by Grove. For a p-type semiconductor it
takes the form

S„=Sp„"n, +p, +2n;
(13)

1.0-

where S„ is the effective-electron SRV evaluated at the
depletion layer edge, X„ is the semiconductor dopant
concentration, and n; is the intrinsic carrier concentra-
tion. The quantity S„may be interpreted as the speed at
which the electrons Bow from the neutral bulk into the
space-charge layer where they recombine nonradiatively
at an intrinsic velocity So„. Steady-state PL studies gen-
erally refer to this "effective" SRV rather than to the
intrinsic-value So„, for two reasons. First these experi-
ments are conducted under low-excitation conditions
and, hence, in the presence of a surface depletion layer.
Secondly, no radiative recombination takes place in the
space-charge region.

A careful examination of Eq. (13) shows that under
low-excitation conditions and in the presence of a
surface-depletion region (i.e, n, «N„) S„ is always
greater than Sp„and the ratio between the two is propor-
tional to the crystal doping. This is the reason the
effective SRV ofp-type InP is high. In n-type InP, on the
other hand, the surface band bending is very low [ &0. 1

V (Ref. 23)], so even under low-excitation conditions
n, -ND (the dopant concentration) and S~ -Sos. In con-
clusion, the low PL efficiency of p-type InP is due to
sma11 r and a wide surface-depletion region giving rise to
a high effective SRV.

In order to check whether the measured SRV indeed
reflect an intrinsic material property and are not doping-
level dependent, we performed PL measurements on crys-
tals with various doping concentrations. The results are
shown in Fig. 7. The three crystals measured had doping
concentrations of (a} 4X10' cm, (b} 4—5X10' cm
and (c) 4-5X10' cm 3. The fit to the highly doped
crystal (c) is fair because the excess carrier concentration

was not much higher than the bulk doping, especiaBy a
few ns after the laser pulse (in the tail of the curve). In
this case, the high-excitation conditions are not satisfied
and the dependence of D' and ~ on hp must be taken
into account. All the solid curves were calculated using
the same SRV (500 cm/s) but with different r of 33, 4,
and 0.85 ns for a, b, and c, respectively. (The values of
D, a, and aL were the same as in Fig. 6.} The depen-
dence of ~ on the doping level can be explained by the ex-
pressions for 7pp and ~„o, the well-known minority carrier
lifetimes in extrinsic materials, given by

1
~pp & +np

cr ~v&N& o.
n vn N+

(14)

where N~ is the bulk trap concentration.
Under high-excitation conditions T T p+i~p and the

latter are inversely proportional to Nz. The latter in-
creases with increasing doping level, thus reducing v„„.

Our hypothesis about the low SRV of p-type InP can
also be checked by trying to obtain higher SRV by con-
taminating the crystal surface. It was found that the
SRV can be controlled over the entire range between 500
and 10 cm/s by depositing different metals on the crystal
surface. This will be described in detail for n-type InP in
Sec. IVB.

2. Excitation intensi-ty dependence of bulk recombination
lifetime ofp type InP: C-omparison uNth n type InP-

Figure 8 shows PL decay curves measured for a medi-
um doped (pz =5 X 10' cm ) p-type InP sample at three
different laser intensities [(a) IL, (b) 0.7 IL, (c) 0.2 IL].
Comparing this figure with Fig. 5 two major differences
are immediately apparent: (a) the effective PL decay
times for the p-type crystals are much shorter (nearly two
orders of magnitude) than the ones obtained for the n-
type InP crystals; (b) the effective PL decay rate decreases
with increasing laser power, in contrast with the results
obtained for the n-type crystals. The decrease in the PL
decay time can be explained by the dependence of ~„, on
the excess-carrier concentration hp. ~„,was expressed by
Shockley and Read as

Q

4S

Bg 05-

iC

M

LLJ

z'
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FIG. 7. Experimental (dotted curves) and calculated (solid
curves) photoluminescence decay curves for three p-type
InP(100) wafers with different doping concentrations. All the
solid curves were calculated with the same SRV (500 cm/s) but
vrith different ~ given in the text.

TIME (ns)

IO

FIG. 8. Photoluminescence decay curves of p-type InP(100)
measured at three different laser intensities: (a) IL, (b) 0.7 IL ', (c)
0.2 II .
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~po(np+ 7+~p)+rpgp(pQ+pr+~p)
+nr

po+ no+ Ap
(15}

Considering p-type crystals and using pT and nz values
which satisfy nz«pz «po, bp (moderate- and high-
excitation conditions) we obtain

r Obp+r„o(po+hp)

po+ ~p
7po

p. /dp +1

Equation (16) shows that by increasing bp —by using
higher laser power —~„, increases and, as a result, the PL
decay rate decreases. This is in qualitative agreement
with our experimental results shown in Fig. 8.

Figure 9 shows a plot of r„, as a function of hp [calcu-
lated using Eq. (15}]for three doping levels: (a) 5X 10'
cm, (b)5X10 cm, (c)5X10 cm . Thevaluesof
~„0 and ~ o were taken as 0.85 and 30 ns, respectively,
andpT=5X10' cm . pT and nT are defined as

T r

E.—E E —E.T T
nz =n;exp „, (17)pT =n;exp

where E, is the intrinsic Fermi level, and ET is the trap
energy level. Thus a large pz(n T}value implies that the
trap energy is closer to the valence (conduction) band. If
pr=5X10' cm, then according to Eq. (17)
E, —Ez =0.46 eV. Figure 9 and Eq. (16) also show that
under high-excitation conditions (bp»po)r r p+r&p
and thus it is independent of hp, which justifies the use of
the Vaitkus solution as discussed in Sec. II. Figure 9
shows that ~„,of the low-doped sample is almost indepen-
dent of the laser power at the intensities used in our ex-
periments (i.e., laser intensities that produce 5X10'
cm 3&hp&5X10' cm ). ThisisdemonstratedinFig.
10 which shows two experimental and calculated (solid

TIME (ns)

FIG. 10. Experimental (dotted curves) and calculated (solid
curves) photolurninescence decay curves for low-doped

(p =3-5 X 10"cm ') InP measured at two different laser inten-
sities: (a) at a laser intensity IL, ~=33 ns, (b) at a laser intensity
II /4, ~=30 ns.

curves) PL decay curves for low-doped (pa=4 —5X 10"
cm ) p-type InP measured at two different laser intensi-
ties. The lower curve was measured when the beam was
attenuated by a factor of 4 relative to the upper one. Fit-
ting the curves using the Vaitkus solution yielded ~=33
and 30 ns for the upper and lower curves, respectively.
The di6'erence from Fig. 8 is immediately noted. First,
the lifetime is longer and in addition it is weakly depen-
dent on bp in agreement with Eq. (15), Fig. 10, and the
above discussion.

We will now discuss the reasons for the much longer ~
of n-type InP. The main reason may be the bulk-trap en-

ergy position in the gap. It is reasonable to assume that
the recombination process in n-type samples is carried
out mainly through shallower traps than in the p-type
samples. This is because the recombination cross section
(o. ) is much smaller for shallower traps. Figure 1 1 shows

30—

300—

" 20

io—

200—

+-

n-type InP

Ioo—

10}5 IO'6 Io(' Iole

Excess Carrier Concentration (crn )

FIG. 9. The nonradiative lifetime (~„,) as a function of
excess-carrier concentration for p-type InP, calculated accord-
ing to Eq. (14) for three different doping concentrations: (a)
5X10" cm; {b) 5X10' cm, {c) 5X10' cm, and for
pT = 5 X 10'4 cm

I

IO

I

Io Io IO

Excess Carrier Concentration (cm )

FIG. 11. The nonradiative —~„,and the total —~ lifetimes as
a function of excess-carrier concentration for n-type InP. The
calculations were based on n, =3X10' cm, np=5X10'
cm, and ~„p 7&p 150ns, and 8 =5X10 "cm s
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1 1 1+ (18)

~„,and v as a function of hp for n-type InP. The calcula-
tion was based on Eq. (14) with nr=3X10' cm
n0=5X10' cm, and ~„0 7&0 150 ns. ~ depends
more weakly on hp in comparison with p-type samples
(see Fig. 9). ~ was calculated according to

I.O

C

08

(A~ 0.6
I-
Z

where r„, and w„were calculated according to Eqs. (15}
and (10), respectively. Figure 12 shows the results of
similar calculations for p-type InP. The difference be-
tween the n- and p-type samples is clearly seen. For n-

type InP, ~, &)~„„hence the recombination is dominated
by the radiative (bimolecular) process and r decreases
with increasing hp. For p-type InP, on the other hand,
r„, (p-type InP) =0.01'„, (n-type InP), the recombination
is mainly nonradiative, and as a result ~ increases with in-
creasing Ap up to hp —1X10' cm . The difference in
the nonradiative lifetimes is probably due to deeper traps
present in p-type samples. Such traps have a much
higher cross section for electron-hole recombination, thus
decreasing r„o and ~ o according to Eq. (14). The deeper
traps also decrease the values of pz and nz [see Eq. (17)]
and can account for the weaker dependence of ~„, on Ap
found in n-type samples

C. Surface recombination velocity measurements
at Inp interfaces

Figure 13 shows experimental and calculated PL decay
curves for n-type InP (n =5 X 10' cm ) before and after
deposition of several metals. All the solid curves were
calculated with the same parameters (D", a, aL, and r)
used in Fig. 4, so a faster decay indicates a higher SRV
due to the metal interfaces.

Figure 14 shows the measured SRV at the different in-

~04

02—

I I I a. l I I s I

terfaces as a function of 6Hz —the heat of reaction of
each metal phosphide. The values of 6Hz were calculat-
ed per metal atom M for the reaction:

M +(y/x)lnP~(1/x)M, P +(y/x)In, (19)

using the heats of formation b,Hf (Ref. 25) of the
different metal phosphides. Although individual bond
energies are not known for many atomic pairs, the sum of
bond energies for a given compound contributes directly
to the 5Hz for that compound. For Cr and Cu the
choice of the correct phosphide is unclear, so 6Hz was
calculated by averaging the values for the different phos-
phide compounds as an attempt to obtain a representa-
tive value. A greater 6Hz means a higher barrier for
the chemical reaction and thus a less reactive interface

TIME thS)

FIG. 13. Experimental (dotted curves) and calculated (solid
curves) photoluminescence decay curves for etched n-type InP
(N= 5 X 10' cm ') before and after deposition of several metals.
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FIG. 12. The nonradiative —~„, and total —~ lifetimes as a
function of excess-carrier concentration for p-type InP. The
calculations were based on p =5 X 10' cm, pp =5 X 10'
cm 7 p v&p 2ns, and8 =5X10 "cm s

BHR(eV/METAL ATOM }

FIG. 14. Surface recombination velocity (SRV) obtained
from the simulations of Fig. 13 as a function of hH& —the heat
of reaction per metal atom according to Eq. 19.
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for the particular metal-semiconductor pair. A similar
SRV dependence on hHR was found by us for CdS and
CdSe." The explanation given there was that a weak
bond at the semiconductor surface would form a surface
state close to mid-gap, while a stronger bond would not.
The cross section for electron-hole recombination at a
surface state i —a, is higher for surface states closer to
midgap. Since SRV is proportional to o.;, the increase in

SRV observed after deposition of less reactive metals is
due to the increase in 0., associated with the midgap sur-

face states formed.
It is very intriguing to consider the similarity between

the solid line in Fig. 14 and the dependence of the
Schottky-barrier height on AHR. Several authors have
reported that reactive (unreactive) metals form low (high)
barriers on n-type InP. Wi11iams, Varma, and
Montgomery have measured barrier heights of -0.5 eV
for Cu, Ag, and Au on etched n-type InP and -0 eV for
Al. Hokelek and Robinson have measured barrier
heights of 0.37 eV for Al and 0.41 eV for Ag on n-type
InP. Brillson has shown that metals which produce
Ohmic contacts stabilize the Fermi level the energies less
than 0.3 eV below the conduction-band minimum E, .

Hence it is possible that the same surface states, which
act as recombination centers and drastically change the
SRV, also take part in pinning the surface Fermi level
and determine the barrier height. Since it is well known
that the barrier height (as well as the SRV) is very sensi-
tive to surface preparation and composition, simultane-
ous measurements of the Schottky-barrier heights, the in-

terface states' energy positions, and the SRV are needed
in order to support this hypothesis.

The surface-state redistribution observed after
reactive-metal deposition may also be due to formation of
oxides such as A1203 or ZnO. These oxides have large en-

ergy gaps and are unlikely to form gap states. In order to
avoid oxide formation, the SRV measurements should be
carried out under UHV conditions. Some preliminary
work is presented in the next section.

It is generally agreed that SR V at any metal-
semiconductor interface is very high, i.e., close to the car-
rier thermal velocity. This is true if the metal-
semiconductor interface is abrupt, in which case carriers
reaching the semiconductor interface "see" the infinite
density of empty states of the metal and immediately
recombine. (In fact, the rate-limiting process is the
thermalization of the hot electrons and holes when they
reach the metal. ) However, since it is now accepted that
the semiconductor-reactive metal interface is not abrupt,
the probability of excess carrier tunneling into the metal
is low and SRV is governed by the semiconductor inter-
face states.

Our results show that the intrinsic SRV at metal-
semiconductor interfaces depends on the specific metal
and cannot be taken as infinite, as has been assumed by
some authors. The results may also suggest a way in
which the SRV can be controlled at such contacts, e.g. ,

by using reactive metals as interlayers between the semi-
conductor and the metal desired to form the contact.
However, the Schottky-barrier height of this junction
should also be considered.

D. Measurements under UHV conditions

(h
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FIG. 15. Photoluminescence intensity as a function of
the diode-laser intensity measured for n-ty pe Inp
(n =5 X10' cm ). The solid curves were calculated using Eq.
(8) with three different values of hno.

The measurement inside the UHV chamber were car-
ried out using the diode-laser-based system described ear-
lier. The first step was to estimate the excitation condi-
tions, i.e., the initial excess-carrier concentration pro-
duced by the diode laser. Figure 15 shows the normal-
ized PL intensity, measured in air, as a function of the
diode-laser pulse intensity. The squares represent the ex-
perimental results (measured for n-type InP, no =5.X 10'
cm ) and the solid lines are the PL intensity calculated
according to Eq. {8) with three different values of b, no
Thus Fig. 15 sho~s that the measurements are conducted
under intermediate (no A-n) excitation conditions, in
contrast with Fig. 3, where hn »no.

Figure 16 shows experimental (dotted curves) and cal-
culated (solid curves) PL decay curves for etched n-type
InP (110) excited by the dye laser, A, =595 nm, and the
diode laser, A, =802 nm. The solid curves were calculated
using the same D', So, ~, and aI, but different a values
of 5.3X10 and 2X10 cm ' for the dye and diode
lasers, respectively. Both values are in good agreement
with the literature. Figure 16 demonstrates the impor-
tant role of the excess-carrier diffusion in determining the
decay rate of the PL curves. Since the penetration depth
of the diode-laser beam is approximately 2.5 times larger
than that of the dye laser, the former decreases the con-
centration gradient of the excess carriers, slows their
diffusion to the semiconductor bulk, and yields a slower-
decaying PL curve.

Figure 17 shows the PL decay curves obtained after
cleaving n-type InP in a vacuum better than 1X10
Torr. Curve b represents the PL decay curve of the
freshly cleaved crystal, UsR=6X10' cm/s. After eva-
poration of 0.2 A of Au, the PL decay rate increased
drastically as shown by curve c. The solid line represents
the calculation with UsR=9X10 cm/s. Curve a is the
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FIG. 16. Experimental (dotted curves) and calculated (solid
curves) photoluminescence decay curves for etched n-type
InP(110) measured by the dye and diode lasers. The solid
curves were calculated using difFerent a values of 5.3 X 10 and
2X10 cm ' for the dye- and diode-laser wavelengths, respec-
tively.

result obtained on the etched crystal surface and d the re-
sult measured with the dye laser on the etched crystal
covered with —15 A of Au. To the best of our
knowledge, this is the first measurement of SRV of
cleaved InP(110) under UHV conditions, and the first
time-resolved PL measurements in InP under moderate-
excitation conditions using a diode-laser source. Such
measurements were carried out in the past under low-
excitation conditions using high-repetition-rate (50—100
MHz) diode lasers with low peak powers (1—5 mW). '32

The results show that SRV of a freshly cleaved crystal is
higher than at an etched surface. This may be due to two
reasons. First, the cleavage process may have introduced
some recombination centers despite the visually smooth
rnirrorlike surface. The second possibility is that the

etching process passivated the crystal surface yielding
very low SRV. The SRV of the freshly cleaved crystal
remained stable for at least 3 h.

Evaporation of thicker gold layers (up to 10 A) did not
change the luminescence decay curve c. In addition, it is
seen that the fit to this curve is fair. These two facts may
lead to the conclusion that this measurement was not
conducted under flat-band conditions. When the bands
near the surface are bent, the photogenerated carriers are
separated there and cannot recombine at the surface.
Hence, a higher concentration of surface states (as a re-
sult of thicker gold layers, for example), will have no
measurable effect on the luminescence decay rates. It can
be shown that in the case of high SRV () 10 cm/s) the
excess-carrier concentration at the surface decreases by
more than one order of magnitude. Thus, based on the
diode la-ser excitation level estimated earlier ( hn 0
-2.5 X 10' cm ) and on the high SRV obtained after
the Au deposition, it can be assumed that curve c was
measured under low-excitation conditions and hence in
the presence of a surface depletion region. In such a case,
the ambipolar equation [Eq. (2)] cannot be used to calcu-
late the PL decay curve. Instead, the coupled continuity
equations for holes and electrons' have to be solved.

Figure 18 shows the PL decay curves obtained after
cleaving n-type InP(110) under a pressure of 1X10
Torr: (b) immediately after cleavage, U sR

=5.0 X 10
cm/s; (c) 45 min after cleavage, vs„=1.4X10 cm/s; (d)
90 min after cleavage, vsR=3. 0X10 cm/s. Curve a is
the result obtained for the etched crystal. The SRV of
the cleaved crystal increased as a function of time even
under a pressure of 1 X 10 Torr. A residual-gas
analysis of the chamber under the pressure showed that
the main gases present were HzO and CO. An estimate
of the recombination-centers density caused by these con-
tarninants can be made using the calculated SRV values.
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FIG. 17. Experimental and calculated photoluminescence de-
cay curves for cleaved n-type InP(110) under a pressure
of&1X10 ' Torr. b, as cleaved (vsR=6X10 cm/s); c, after

0
evaporation of 0.2 A of Au (vsR =9X 10 cm/s), and the etched
(110) +15A of Au (d) are measured by the dye laser. The
etched (110)surface decay curve a is shown for comparison.

FIG. 18. Experimental and calculated (solid curves) photo-
luminescence decay curves for cleaved n-type InP (110) under a
pressure of 1 X 10 Torr, measured using the diode laser. b, as
cleaved (vsR=5X10' cm/s); c, after 45 min (vsR=1.4X10
cm/s); d, after 90 min (vsr =3.0X 10 cm/s). a, the etched sur-
face decay curve is shown for comparison.
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If, for simplicity, we assume that the cross section for
electron-hole recombination o. is equal to 1X10 ' cm,
we obtain

N, =(So—So )/o V,„=5X10"cm

where So is the SRV of the freshly cleaved sample. This
very simplistic calculation demonstrates the great sensi-
tivity of our time-resolved PL technique. Examination of
Fig. 18 shows that the sensitivity can be easily improved,
since much smaller changes in SRV values can be detect-
ed. Steady-state PL is commonly used for quality evalua-
tion of crystal surfaces, despite its disadvantage of being
a relative measurement. Also, the steady-state PL may
change due to factors other than SRV (mainly the bulk
lifetime). Our technique makes it possible to discriminate
between surface and bulk recombination, as was de-
scribed in detail in the paper. Time-resolve PL can be
also used as a tool for estimating cleavage quality and
surface cleanliness critical for UHV studies. For exam-
ple, in the field of metal-semiconductor interfaces it is
crucial to know whether the semiconductor surface is
free of sub-band-gap states prior to metal evaporation.
This is usually done by XPS even though it is capable of
detecting surface states only at concentrations above
—1X10' cm . Our results show that the time-resolved
PL technique may be superior for this purpose.

Besides its lower SRV, the etched InP(110) surface is
also more stable than the cleaved surface (see Sec. IV A).
The reason may be a passivating oxide layer which is
formed on the crystal surface as a result of the etching
process. Surface studies report of a 5 —20-A-thick oxide
layer that grows rapidly on the InP surface after aqua re-
gia etching. However, etched surfaces did not retain the
low SRV after baking the UHV system or exposure to hot
filaments.

V. SUMMARY AND CONCLUSIONS

We have presented a detailed time-resolved PL study
of the InP crystal. Our results highlight the strength of
this technique in obtaining important information about
surface- and bulk-recombination processes in semicon-
ductors. It was found that aqua regia —etched n-type
InP(110) has low intrinsic SRV (200 cm/s) and large r
(320 ns). p-type InP has similarly low intrinsic SRV (500
cm/s) but, on the other hand, much smaller r( ~ 33 ns).
We have shown that this ~ is probably due to deep traps
which have greater cross section for electron-hole recom-
bination. Thus, ~„, in p-type InP is much smaller than ~„
and the nonradiative recombination process is dominant.
In n-type InP r„, is very large (around 300 ns) and thus
the bulk recombination is mainly radiative. These con-
clusions are based on the different dependences of the
bulk lifetime on the excess-carrier concentration in the
two types of InP. We have also shown that the low
luminescence efficiency ofp-type InP is due to its low life-
time and to the large band bending at the surface.

Our results for (n-type InP)/metal interfaces have
shown that SRV has a distinct dependence on the reac-
tivity of the metal-semiconductor pair. This dependence
is similar to the dependence of the Schottky-barrier
height on 6Hz, and thus has important consequences for
current studies of metal-InP interfaces. Measurements
conducted under UHV conditions have shown that the
SRV of cleaved n-type InP(110) is greater than at aqua
regia —etched surfaces.
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