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Semi-insulating InP was implanted with MeV P, As, Ga, and In ions, and the resulting evolution of
structural properties with increased annealing temperature was analyzed using double crystal x-ray
diffractometry and cross sectional transmission electron microscopy. The types of damage identified
are correlated with scanning spreading resistance and scanning capacitance measurements, as well
as with previously measured Hall effect and time resolved photoluminescence results. We have
identified multiple layers of conductivity in the samples which occur due to the nonuniform damage
profile of a single implant. Our structural studies have shown that the amount and type of damage
caused by implantation does not scale with implant ion atomic mas20@ American Institute

of Physics. [DOI: 10.1063/1.1633349

I. INTRODUCTION terials and devices, has already been repdrtetf. The ob-

The interest already displayed in low temperature growntaIlnable lateral resolutio®0-50 nm is typical of the diam-

(LT) and ion implanted GaAs, which was found to have ul_eter of a probe tip used in atomic force mmrqsccﬁaFM).
trashort carrier lifetimes, good mobilities, and high SCM qnd SSRM are gom.plementary .technlques' and very
resistivities > has been a motivation for similar studies into yvell suited to charac.:terlzatlo.n of e.Iect.rlcaI properties of ion
other semiconductors. lon implanted InP has a great deal érfnpl_anted InF_’. Part|cula_1rly, |nve_st|gat|o_n of sample_ cross-
potential in terms of device applications; because of its shor?eCtlonS provides su_ch mformgtlon_ at dlffe_rent Ioc_atlons.
carrier lifetimes, this material could be used in saturable ab- Ou_r results provide extensive mfprr_ngtlon on implanted
sorbers for the mode locking of solid state lasers, and whehnP Wh.'Ch can hglp to further.the opt|m|zmg of implant and
p-InP samples are implanted, or Fés implanted into the annealing conditions for use in devices.

semi-insulating material, it is possible to achieve high sheet

resistivities in addition to the short lifetimes, and thereby

obtain a material which could be used for fabrication of ul-1l.- EXPERIMENT

trafast photodetectofs. High resistivity InP has also been Semi-insulating(100 InP samples were implanted at

. . . . 80 _ 1
investigated through isolation studi®&s? Below we present 1200°C with P, As, Ga, and In ions to a dose offem 2,

the results fr_om our |nV(_ast|gat!0ns into the str_u_ctural,_electn-and at energies of 1, 2, 2.1, and 3.3 MeV, respectively. Trans-
cal, and optical properties of implanted semi-insulating InP,

focusing in particular on how the damage profile can be Cor’port of ions in mattefTRIM) simulations have predicted that
g In partic . ge pre the maximum damage resulting from implantation at these
related with profiles of electrical characteristics.

: o ._energies will lie approximately lum from the surface.
Electrical characterization methods based on scannm\g}amples were subsequently annealed at 400, 500, 600, and

probe. micrqscopy havg emerged as promising'techniques fc}rOO °C for 30 s. Double crystal x-ray diffractometry
two-dimensional mapping of electrical properties at the na'(DCXRD) and cross-sectional transmission electron micros-
nometer scalé? Application of scanning capacitance micros-

copy (SCM) and scanning spreading resistance microscop)zOpy (XTEM) were then performed on these samples. Hall
(SSRM for characterization of both Si and IlI-V based ma- ffect measurements using the van der Pauw method were

used to obtain the overall electrical characteristics. Time re-
solved photoluminescen¢&@RPL) using a femtosecond self-
¥Electronic address: cxj109@rsphysse.anu.edu.au mOdel locked Tl:sapph|r¢ laser, with a Ly@onlinear crys-
YElectronic address: anand@imit.kth.se tal, yielded carrier lifetime data. The laser was tunable

0021-8979/2004/95(2)/477/6/$22.00 477 © 2004 American Institute of Physics
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between 750 and 900 nm, the pulse width was 80 fs, the
repetition rate 85 MHz, and the output power was 200 mW at a) '__/\‘_“

=780 nm. RTA 700°C 30s
Scanning capacitance microscofffCM) and scanning 1 W-—"/\"-w- RTA 600°C 30s

spreading resistance microscofySRM were used to ob- /\/VVWV”/\
/\/\/\N"/\ RTA 500°C 30s

tain electrical characteristics as a function of depth. In this
RTA 400°C 30s
m/\ S

case the samples consisted of undoped InP, aboum?2
un-implanted

Counts (a.u.)

thick, grown onn* InP substrates, which were then im-

planted with the different ion species at the energies already
listed above. The SCM measurements were carried out with
a Digital Instrument Nanoscope Dim 3000 microscope pro-
vided with capacitance measurement electronics using com- 0/20 (arcsec)
mercial Pt-Ir5 coated tipghanosensors GmBHThe capaci-

tance is measured using a sensor operating at 915 MHz and b)
the tip-sample bias is controlled separately by low-frequency - M/A-— RTA 700°C 30s
ac and dc voltages. The SSRM measurements were per- ___/zw”’/\_* .
RTA 600°C 30s
1 m RTA 500°C 30s

formed with a Digital Instrument Nanoscope Dim 3100 mi-
RTA 400°C 30s

-400 -200 0 200 400

croscope equipped with a SSRM module. Commercial
boron-doped diamond coated tigenosensors GmBHvere

I

used. The current is measured using a logarithmic amplifier ; /VVW\ un-annealed
'
r

Counts (a.u.)

and the dc bias is applied to the sample. For both SCM and

SSRM, the sample cross section was obtained by manual un-implanted

cleaving. In the case of SCM, the native oxide formed on the -400 200 0 200 400
cleaved surface by air exposure served as a thin oxide be- 0/20 (arcsec)

tween the tip and the sample. Cross-sectional TEKNIEM)

samples were prepared by mechanical grinding followed by )

ion-beam thinning and then examined in a Philips CM 12
operating at 120 kV.

RTA 700°C 30s

|

RTA 600°C 30s

IIl. RESULTS AND DISCUSSION
A. DCXRD

[ RTA 500°C 30s

Counts (a.u.)

RTA 400°C 30s

un-annealed

Figure 1 depicts the evolution of the DCXRD rocking
curves as a function of annealing temperature, for all the
implanted samples. P and As ion implantation produced simi-
lar x-ray spectra—and presumably similar types of 6/20 (arcsec)
damage—uwith periodic fringes on the negative angle side of
the rocking curves. These fringes have been associated with d)
a sharply defined layer of compressive in-plane strain; this
damage is mostly annealed out at a temperature of 600 °C,
and the rocking curves become similar to that of the unim-
planted sample, except for the larger full width at half maxi-
mum (FWHM) caused by residual defects in the material.
The spectra for Ga implantation also show these periodic [
fringes, but over a narrower angle range, and they are still b
present after annealing at 700 °C. Possibly, the implanted Ga , :
atoms are affecting the recrystallization processes during an- 200 0 200 400 600 800
nealing. Implantation with In ions does not yield these 6/20 (arcsec)
fringes at all. Both Ga and In ion implantation also result in _ o -
broad features a/2¢=600 arcsegthis did not occur for the an!Gl';igl(gr?%fgc?”&gy‘f&frgmlv:gs '/:’2 ('gf"za.'lteﬁe?; ZGO{S(C)(’: ;"r']t: ;gose
P or As case, hence the truncation of the scan®/20 ey In (d). Spectra vertically shifted for clarity.
=200 arcsec in Figs.(&) and ib)]. At temperatures above
500 °C, this feature is annealed out.

Etching as well as XTEM measurements allow morestrain features close to the substrate peak come from the 0.8
precise understanding of the depth at which these features jmm nearest the surface, while the periodic in-plane compres-
the DCXRD measurements have originated. Figufe) 2 sive strain structures result from a narrow layet um into
shows x-ray rocking curves for InP implanted with 2 MeV the sample. Figure (B) shows the results for a similar ex-

As ions to a dose of #6cm 2, and then etched with 100% periment performed on a dcm™2 In ion implanted
HCIl in successive 10 s intervals. Clearly the in-plane tensilsample. These measurements show that the broad features at

00 0 200 400 600 800

»
N

RTA 700°C 30s
RTA 600°C 30s

” RTA 500°C 30s

RTA 400°C 30s

un-annealed

i
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FIG. 2. DCXRD spectra fofa) 2 MeV As and(b) 3.3 MeV In ion implanted
InP at 200 °C to a dose of ¥ocm™2 as a function of etch depth.

large positive angles come from within the first Qe from
the surface, and again that the in-plane tensile strain features
closer to the substrate peak are generated in the firsti.8

from the surface. FIG. 3. Cross sectional TEM images of As ion as-implantadand an-
nealed (b), Ga ion as-implantedc) and annealedd), and In ion as-
implanted(e) and annealedf) semi-insulating InP. Annealing was for 30 s at
B. XTEM 700 °C. Arrow indicates surface.

Cross-sectional transmission electron microscopy pro-
vides a kind of visual inspection of the implant-induced de-the form of point defects or small clusters. During the an-
fective regions in the samples as a function of depth. Figur@ealing process, agglomeration of these small lattice defects
3 shows XTEM diffraction contrast images for the Sl InP takes place.
samples implanted with As, Ga, and In ions, both prior to  Importantly, the type of damage is dependent on implant
and after annealing at 700 °C for 30 s. The contrast in thepecies: As ion implantation results in a thin layer of loops
images is due to the strain caused by lattice defects, althougind clusters which spreads into a thicker layer of larger loops
point defects or small clusters, which produce only a smalhfter annealing; Ga ion implantation results in a similarly
amount of strain, are not detectable. A thin layer of damagehin layer of loops and clusters which spreads into a thicker
is visible ~1 um from the surface in all as-implanted layer of high density loops and clusters after annealing; In
samples, which corresponds to the depth of maximum damimplantation results in a thick layer of damage including
age predicted by the TRIM simulations. Adding this infor- stacking faults and loops, which spreads into a thicker layer
mation to that already gleaned through DCXRD/etching ex-of larger loops and stacking faults after annealing. Thus, it
periments described above, we conclude that this must be tlean be seen that the atomic mass of the implant species is not
region responsible for the periodic fringes seen in thethe only factor in determining the degree and type of damage
DCXRD experiments. Annealing causes the visible damageroduced in InP, and that the defect accumulation and anni-
to “spread” vertically. This phenomenon suggests that thehilation mechanisms during the implantation and annealing
majority of lattice defects in the as-implanted samples are irare different for each implant species.
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TABLE |. Effective mobility . sheet carrier concentrationsNsheet re- ST 3 2V
sistance Rresults from Hall effect measurements, and decay tinfieom

time resolved photoluminescence measurements done on samples implanted
with 1 MeV P, 2 MeV As, 2.1 MeV Ga, and 3.3 MeV In ions, to a dose of
10'° cm2, and annealed at 600 and 700 °C for 30 s.

Meeft (sz vt 371) Ns (Cmiz) Rs (Q/00) 7(p9

600 °C P 2390 1.x10% 23 5
Ga 735 3.x10° 263 0.67
As 2543 X 10% 24 2.4
In 2983 1.84<10% 114 1.56

700 °C P 3250 4%10% 48 25
Ga 2228 4.0x10% 70 3.06
As 3356 4.3%10' 43 15
In 3107 5.16<10% 390 3.94

C. Electrical and optical properties

Most of the electrical and optical properties which will
be related to the structural data we have presented here are
discussed in more detail in other wdtk.The main results
are summarized in Table I, which shows the electrical and
optical characteristics of the samples as measured by the Hall
effect and time resolved photoluminescence on these
samples, after annealing at 600 and 700 °C. Prior to implan-
tation, a semi-insulating InP wafer has a mobiljis, of
approximately 2000 cAV ~'s !, sheet carrier concentration
N, of ~10°cm ? and sheet resistancd&ks of ~3
x 10% Q/0. Implantation intoS-1 InP has been associated
Wlth the creation of shallow dpnors, which c-jecrease th.G.She HG. 4. Ga ion implanted InP annealed at 600 ?&):Representative SCM
resistance and turn the semiconduateype; the P-antisite (dC/dV mode image. The ac and dc biases were, respectively, 2 and 0 V
is considered a likely candida?dmplantation with all four  and(b) representative SSRM image. The dc bias wdsV.
ions initially reduced the sheet resistance te4
X10° Q/0, and the electrical properties of the “as-
implanted” sample, consistent with a material that contains gs at RTA 600 °C, even though the mass of this ion is simi-
large number of defects, are not changed significantly byar to As. The shorter decay time is consistent with the evi-
annealing at temperatures below 500 °C. After annealing aence of greater structural damage in the DCXRD spectra at
600 °C, the effective mobilities have increased to the unimthese annealing temperatures, the large concentrations of
planted value 0f~2000 cnfV s, the sheet carrier con- small clusters observed in the XTEM images, and the corre-
centrations have peaked in the'3010'* cm 2 range and sponding fact that the mobility at the same annealing tem-
the sheet resistance has dropped to a minimum 29 Q/7, peratures does not reach the high values that it does for the
with the exception of Ga and In ion implantation. Annealing other samples. Clearly, implantation with Ga ions has pro-
at 700 °C causes the mobilities to risel.5 times above the duced defects which have a higher thermal stability and/or
unimplanted value te-3000 cnfV ~ts™%, again with the ex- act as more efficient carrier traps and scattering centers than
ception of Ga ion implantatiorRs stays in the tens or hun- does implantation with the other species discussed in this
dreds of()/C], andNg increases only slightly. Similarly to the article.

DCXRD results, P and As ion implanted samples have prac- Hall effect measurements have provided an indication of
tically identical electrical behavior as a function of annealingthe electrical characteristics corresponding to the path or
temperature. Annealing at 600 and 700 °C, for Ga and In iomaths of least resistance in the samples; because these were
implantation, yields materials with higher sheet resistancesot multiple-energy implants where the damage profile might
and lower carrier concentrations than for P and As ionbe more or less uniform, it is expected that the different
implantation. layers of damage resulting from the nonuniform damage pro-

As far as optical measurements are concerned, for P, Adile will have different electrical and optical characteristics. It
and In ion implants, there is a trend of decreasing lifetimewould be useful to know how these characteristics vary as a
with increasing ion mass, which would be expected from thdunction of depth into the samples. Such information, at least
known dependence of damage on the mass of the implantenith regard to the electrical behavior, can be provided by
ion. The decay times are larger for rapid thermal annealingcanning spreading resistance and scanning capacitance mi-
(RTA) at 700 °C, as more defects are annealed out and comroscopy measurements.
sequently there are fewer trapping centers. Interestingly, im-  Figure 4a) shows a typical SCM image obtained in the
plantation with Ga produces the shortest decay tie87 dC/dV-mode for Ga implanted InP annealed at 600 °C. At

L
-
&
&
1’4
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=
2]




J. Appl. Phys., Vol. 95, No. 2, 15 January 2004 Carmody et al. 481

this annealing temperature—as was illustrated in the struc- ——T=600°C (2)
tural measurements of Figs. 1-3—significant defect migra- 10°; - - - T=500°C
N e T=400°C

tion and agglomeration is expected to have occurred in the
samples, thus causing highly resistive regions with thick-
nesses that are different to what is expected for@a2InP
epilayer grown on am*-InP substrate. In this mode, the

-
<,
"

Resistance { Q)
3,

SCM signal monotonically increases with decreasing carrier 104

concentration. That is, a brighter contrast corresponds to re-

gions of lower carrier concentration and darker contrast to b 7 P 3 2
regions of higher carrier concentration, for example the sub- Distance (um)

strate (~10*® cm™3). The contrast bandR1) is attributed to
the epi/substrate interface region at a depth-@f um. The
reduced carrier concentration in this region could be due to
defects at the interface or migration of defects from the im-
planted region. The dark ban&?), from about 1 to Z2um,
shows a low SCM signal and corresponds to a free carrier
concentration value comparable to the substrate. In region
R3, the bright band followed by a dark region close to the
surface is indicative of strongly decreasing carrier
concentration. Distance (um)

Figure 4b) shows a typical image obtained with SSRM ) ) o
for Ga ion implanted InP annealed at 600 °C. The dc bia{é?n'p?éssjﬁgamdafg%’l'ggos,c::; ggé;&egé?\; :ZzisGt:nlgg g:;'[f’ilggj‘;d nP
applied to the sample was1 V. The contact between the scwm profiles(dC/dV modg.
diamond coated tip and InP is known to be Schottky-like,
nevertheless, it is possible to relate the sample doping to the
measured resistancsCompared to the SCM image, a shift the SCM signal remains close to zero irrespective of the ac
in the featureR1, R2, andR3 toward the surface can thus bias applied® For the epi-substrate interface region, ap-
be observed. The substrate appears dark due to low resigroximately 2—3um, the resistance drops by two orders of
tance. The contrast at the epi/substrate interface region is ngiagnitude, to the substrate level of abouf ID. As dis-
as pronounced as in SCM, but section analysis of the imageussed earlier, the SCM signal shows a peak in this region.
shows a decreasing carrier concentration. The contrast in r¢cor samples with higher annealing temperatures, dramatic
gion R2 consists of a bright narrow bartldigh resistanceat ~ changes are observed. As the annealing temperature is in-
about 1um and dark bands on either side, i.e., a low resiscreased, one expects annealing of the implantation-induced
tance comparable to the substrate. The location of this natdeep level defects and defect diffusion. The consequences of
row band corresponds to the expected location of the implarannealing on the electrical properties in the sample would
tation peak. Contrast in regidR3 is indicative of increasing also depend on the spatial distribution of the defects.
resistance towards the surface, consistent with the SCM im- As the annealing temperature is increasé&®0 and
age. Thus, the observed inhomogeneity in the electrical prog00 °Q), at about 1um the SSRM profile still shows a pro-
erties is qualitatively consistent with XTEM results. Below, nounced high-resistance regigueaks in the SSRM profile
we compare the results obtained for the different samplesfhe observed location of this peak for the different samples
that is, for different implantation species and different an-is within 200 nm, which, as mentioned eatrlier, is within the
nealing temperatures. error in the origin. On either side of this region the resistance

Typical SSRM and SCM resuléine scangobtained on is lower and finally in samples annealed at 600 °C it is com-
Ga ion implanted InP annealed at different conditions argarable to that in the substrate. Interestingly, toward the sur-
presented in Figs.(8) and 3b), respectively. Here, we com- face the resistance is seen to increase. By contrast, the
ment that scanning across the sample edge was avoided sosamstrate/epi interface region shows a different behavior: the
not to have adverse effects on the measurements. The posésistance progressively decreases. The trends seen in the
tion of the zero of the distance-axis on both Figgg)snd SCM data[Fig. 5(b)] are also consistent with the over-all
5(b) does not coincide for all the curves, but the origins areconclusions obtained from SSRM. Thus, from these mea-
still within a maximum of 200 nm from the edge. surements it is clear that the recovery of electrical properties

As seen on Figs. (® and 3b), both SSRM and SCM after annealing is highlyspatially non-uniform. In corre-
data show that the epilayer is highly resistive for the samplesponding samples where Hall measurements have been per-
annealed at 400 °C. In SSRM, one obtains a high resistancgrmed, one can conclude that the measured mobilities
about 16 Q. A small peak is observed approximately:in  would correspond primarily to the low resistance regions.
deep in the epilayer and its location corresponds with the  Similar measurements were performed on InP samples
expected maximum implantation depth. Correspondingly foimplanted with As, P, and In ions. Although the overall fea-
this region, the SCM sign4Fig. 5(b)] is uniformly zero and tures in the SSRM and SCM profiles obtained for the As ion
near 1 um no special feature could be distinguished. Forimplanted InP are similar to those found for Ga ion im-
intrinsic doping levels, due to the very large Debye lengthsplanted samples, the latter case was invariably more resis-

—— T=600°C o)
1.0 - - - T=500°C A

----- T=400°C
0.8
0.6
0.4
0.2

0.0+

SCM signal (dC/dV), arb. units
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tive. For example, for 600 °C annealing, the resistance inn the majority of the epilayer together with a very low re-
regions framing the maximum implantation peak was muctsistance(narrow) region close to the implantation peak is
lower in the As ion implanted sample compared to the Ga ioronce again consistent with the observed trends in Hall data.
implanted sample; the observed resistances in these regions

were nearly one order of magnitude lower than the dopedv. CONCLUSION

substrate. This is consistent with the higher conductivity in X-ray and TEM measurements have confirmed a large

Hall measurements obtained for the As ion case. _ density of defects after implantation which are arranged in
In the P ion implanted samples, a high resistance regiofhyers. as expected from a nonuniform implant damage pro-
pea!<_ appearing at the,ilm depih FOUId not be observed. In g The strain profile of these layers is modified by anneal-
addition, even at 500°C annealing, both SCM and SSRM,q " \hich allows recrystallization and agglomeration into
show that most of the epitaxial layer, except close 1o the, sters as well as migration of the original defects. The
surface, is highly conducting. Drastically different results oq,ting defect profile is responsible for the optical and elec-
were obtained for the In ion implanted samples. Even a5 properties measured in ion implanted and annealed InP.,
600 °C, a characteristic zero signal was obtained in the M3y have seen how the damage created in the samples de-
jority of the epilayer in SCM. Correspondingly, SSRM mea- ,o 4 critically on the implant species, and that Ga ion im-

surements show very high resistances. This appears to be i yarion, with its production of closely spaced small clus-

_contradlcjuon to Hall measurements_. However,_close to th‘?ers results in unique electrical and optical characteristics.

implantation peak, a very low resistance region was ob-

served,; its resistance is_about five times IO\_Ner than the _SUK?XCKNOWLEDGMENTS

strate level. Such a region would form a highly conducting ) o
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