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Vibrational modes of carbon acceptors and hydrogen-carbon pairs
in semi-insulating InP doped using CC},
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Infrared absorption measurements show that high-resistivity InP grown by metal-organic vapor phase epi-
taxy (MOVPE) at 500 °C and doped using G@ontains comparably high concentrations3x 10*® cm~3) of
isolated G acceptors and H-Cpairs. These centers give rise to localized vibrational modes at 546.9(&@p)
and at 2703.3, 521.1, and 413.5 ¢(H-Cp). A sharp weak line, also at 546.9 ¢h may be due to a
much lower concentration of Cdonors. It is concluded that the doping introducgsaCceptors that over-
compensate grown-in donors and complete compensation results from the formation efpHi+€.
[S0163-182608)01648-9

I. INTRODUCTION II. EXPERIMENTAL DETAILS

InP was grown in a horizontal Metals Research MR350

Gardneret al'? have reported that semi-insulating InP o L
. . reactor by low-pressure MOVPE on semi-insulating iron-
may surprisingly be grown by metal-organic vapor-phase ep-

oy (NOVPE ot o temperatresiG0-—500 Gy sing (100100, St epiaed 05 A0, veh
CCl, as a dopant source. Such high-resistivity material ha: P phosp y

potential applications in optoelectronic and high-speed ele [IN(CHy)s] W'th a V:”I. ratio in the gas phage of approxi-
tronic devices and its use as a buffer layer in Gan,As/InP mately 100:1. The epilayers were doped using carbon tetra-

- o . , chloride (CC}) diluted to 500 ppm(parts per million in a
high-electron  mobility transistors(HEMT's) has been hydrogen carrier gas, with flow rates of 120, 225, or 450

g\?igozit\:\?etsgg-?se ;i?i?ga\:vhgézgnrgzsr;slnhr?]zgsh;gpiéterz'rig,ccm (standard cubic centimeter per minuté substrate
’ ' ’ _ ! temperature of 500 °C was used, since the incorporation of

etry (SIMS) measurements showed that this material conyqring into the epilayers at this temperature is expected to
tained h|gh cooncerltgatlons of carbon and hydrogen in thgyg pegligible? Another layer was grown under the same con-
range .16 ~10°° cm™®, together with chlorine with a con- gitions but with no flow of CGJ. The growth rate was in the
centration at least one or two orders of magnitude loWer. range 4—5um/h.
The higher and lower concentrations refer to growth tem- g)vs profiling was carried out on a Cameca IMS 3f using
peratures of 400 and 500 °C, respectively. It is generally asa 10 keV cesium primary ion beam. Negative secondary ions
sumed that carbon is incorporated in InP on the group-Iil sitexf 1H, *2C, 10, 35CI, and*%n were monitored and impu-
as a donor and this assignment has been supported by locaity concentrationgsee Table ) were obtained by compari-
density-functional calculatiorfsHowever, spectroscopic evi- son with ion-implanted standards. The depth of the pit was
dence for these centers is limited to the observation of aneasured with a Tencor alpha-step 200 surface profilometer
Raman scattering line at 220 cithat was attributed to a and the epilayer thicknesses were obtained from the SIMS
gap mode of §.° This measurement related tetype InP  profiles. The concentration of chlorir@ackground level 2
grown by metal-organic molecular-beam epitdaMfOMBE) X 10'® cm™3) never exceeded210" cm™2 for any sample.
at temperatures up to 430 °C and doped with carbon from th&he oxygen concentration never exceeded the background
tertiary-butylphosphine precursbrThe assignment of the level of ~1x 1017 cm™3, except for a spike at the epilayer/
gap mode is not definitive, since an expected localized vibrasubstrate interface.
tional mode(LVM) for C;, was not detected. High-resolution x-ray-diffractiofHRXD) measurements

We now present infrared LVM absorption measurementsvere carried out using a Philips triple-axis diffractometer
on high-resistivity InP grown by MOVPE and doped using with a 4-reflection Ge 220 monochromator and a 2-reflection
CCl,. We shall demonstrate that the majority of the carbonGe 220 analyzer with an instrumental resolution of 11 arc-
impurities occupy P-lattice sites as acceptors. About 50% ofsec. The 40@-26 scans of all the samples, with one excep-
these centers are present as Flgairs with LVM'’s that are  tion, showed an InP epilayer peak with a full width at half
analogous to those of H,gpairs in GaAgRef. 7) and other maximum(FWHM) of 11 arc sec, which was indistinguish-
[1I-V compounds. We conclude that donors are also preserdible from the peak from an epiready substrate. However,
in the material and discuss possible candidates for their idersample MR949 with the most heavily doped epilayer showed
tity. two overlapping peaks. The peak at lower angle was the
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TABLE |. Sample details and estimates of the concentrationspohdCeptors and H-Cpairs obtained
from the IA’s of the LVM's at 546.9 and 2703.3 chh, respectively.

CCl,flow Thickness [Clsivs [Hlsivs [Clum [H-Cpliym
Sample (sccm (um) (cm™3) (cm™3) (cm™3)? (cm™d)
MR919 0 2.8 5.%10Y 2.1x 108 5x 10t <10
MR923 225 45 2.%10'8 4.1x< 10 1.8x10'8 1.5x 108
MR950 120 10.3 4.210'8 5.0x 10'8 2.3x10' 1.4x 10'8
MR949 475 8.0 1.8010% 1.9x 10 5.4x10' 4.6x 10'8

2These data are from the total IA of the absorption feature at 546.9 @md include both the sharp and
broad components.
®The line for sample MR919 consists of a sharp component only.

weaker of the two and was attributed to the substrate, since The spectrum with an expanded vertical sc&lig. 1) also
the epilayer thickness was comparable to the extinctioshows a line at 526.8 cm with a FWHM of ~1 cm %,
depth. This HRXD profile was simulated using dynamicalwhich is the same as that for the broad feature at 546.9'cm
diffraction theory, assuming that the straidd/a,=—1.6  within the uncertainty of the measurement. The ratio of the
% 10~ %) was induced by carbon atoms present on either théA’s of the two lines is 0.8 0.2 % (the average for four

P or the In lattice sites. A good fit was obtained for an epil-samples An assignment of the broad line t¢Cp would
ayer with a thickness of um and[Cp]=1.1x10*cm™3,  imply an isotopic ratio of 0.20.2 %, if the weak line is
assuming Vegard’s law to be valid and using a lattice conassigned to'3Cp, since the strength of a line is inversely
stant for InC of 5.104 Acalculated from tabulated tetrahe- proportional to the mass of the light impurity atom. This
dral covalent radf). Alternatively, an equally good fit was ratio is consistent with the natural abundanceé¥ (1.1%).
obtained by usindC,,]=5.7x10"® cm 2 with a calculated Further information is obtained by consideration of the mea-
lattice constant for CP of 4.318 A. We note that the carborsured frequencies. If the two modes are dué?® and*°C,
concentrations for both assignments are comparable with théteir frequenciese;y,, should satisfy the relationship
measured by SIMS$Table ).

Room-temperature Hall measurements were made on wﬁnp= K[ 1/Mjmp+ LxMnn) 1, D
sample MR919 using the van der Pauw geometry for the ) _ ) _
nominally undoped sample, using the epilayer thicknesivherekis a force constantnn, is the mass of the impurity,
given in Table I. This sample wastype with a Hall electron @nd Myy is the mass of the nearest neighbOx\) to the
concentration of X107 cm 3 and mobility of 2500 impurity. x is a numerical factor related to the ratio of the
cm?V~1s™L. Due to their high resistivity, Hall measure- local stretch to bend force constants and has a value close to

ments could not be made on the samples grown in a flow of for all known isotopic substitutions, consistent with theo-
ccCl,. retical analysis! For example, our measured frequencies for

Fourier transform infraredFTIR) absorption measure-  Bin and By, lead to a value fory of 1.7. We obtain an
ments were carried out using a Bruker IFS120HR interferacceptable value of=1.5 if the lines are assigned to,C
ometer operated at resolutions in the range of 0.02 and 0.8Mnn=M;,=114.9: 95.7% abundangcethe presence of
cm L with the sample held at a temperature of approximately?-3% of 4n was not taken into account, as a frequency shift
10 K. The sample substrates were wedged at an angle &f only 0.3 cm* is deduced for’Cy [using Eq.(1)] even if
~3% to eliminate interference fringes from the recorded

5
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IIl. EXPERIMENTAL RESULTS AND INTERPRETATION
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A. Modes of isolated carbon atoms

The IR absorption spectrum for sample MR9%4g. 1),
within the gap in the two-phonon absorptidreveals previ-
ously unreported lines at 546.9 and 521.1 ¢mtogether
with lines due to B, present in the substrat® An expanded
plot of the line at 546.9 cimt (Fig. 2) shows that it comprises
two components, namely a broad line, with a FWHM of 1.3

ny
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Absorption coefficient (cm")
2
S

; 510 20
and 1.0 cm? for samples MR949 and MR950, respectively, ° W 5% ) 540 p 550 560

and a much sharper line, with a FWHM of 0.15 cmThe ave number (cm)

ratio of the integrated absorptiolig\'s) of these two com- FIG. 1. IR absorption spectrum in the gap in the two-phonon

ponents is approximately 20:1. We consider the possibilityyensity of states for sample MR950. The upper trace has been ex-
that the two components result from superposed LVM's ofpanded by a factor of 10. Lines attributedf€p, 13Cp, and H¥?Cp,

two impurity centers. We next demonstrate that the broadiefects are indicated. The boron lines are due to impurities in the
line is due to isolated substitution¥iCp. substrate.
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FIG. 2. IR absorption spectrum for samples MR949 and MR950 )
taken at a resolution of 0.02 crh showing that the line at 546.9 FIG. 3. IR absoipitlon spectrum for sample MR950 taken at a
cmL consists of two peaks with linewidths differing by nearly an "€Solution Olf 0.1 cm shovxﬁ?g the I|r11es attributed t91the stretch
order of magnitude. The magnified spectrgmasolution 0.1 crit) modes of H¥C, (2703.3 cm™) and H¥C, (2696.6 ™).
for the nominally undoped sample MR919 also shows a narrow line
at 546.9 cm. The linewidth of the sharper line is slightly higher H-Cas defects in AlAs[6.2 cni* (Ref. 15] and H-G in GaP
than that for the line due t&B,,, from isoelectronic boron impu- (7.6 cmi %). The assignment of the line at 2703.3 chto the
rities present in the InP substrate. stretch mode of H2Cp, pairs in InP implies that the hydrogen

atom occupies a bond-centered site with a strong hydrogen-

all four indium NN are replaced with'n. However, an Ca/bon bond. Symmetria;” modes and transvergemodes

assignment of the two broad lines tq,GMyn=Mp=31) of the H-G pairs are, therefore, alsol3expecte1d, by analogy
leads to an unacceptable value p£5.6. This assignment W'tlg the data available for HEC,s, H- Cfgn D-"%Cps, and
must be rejected D-"Chs pairs in GaAs(Ref. 7 and Alﬁs. _A second line

If we assume that the sharp feature at 546.9 tis an ~ OPServed in our InP samples at 413.5 CrtFig. 4 has an IA
LVM of a center other than £the mass of the impurity thgt correlat.es Wlth the IA for the stretch nlode of$@p
involved must be close to that of carbon. An obvious possiPai's and is assigned to the symmetig mode of
bility is an assignment to carbon atoms occupying group-IliH-""Ce: a corresponding line in the spectra for GaP:C
sites, i.e.,'2C,,. Assuming a value of¢=2, the predicted epilayers’ has been attributed to HC, (_see Table ). The
frequency[Eq. (1)] for the 13C,, mode is 528.9 cm'. The spe(itra'of the InP samples ;how a third gide at 521.1
spectrum in Fig. 1 reveals a small nearby feature at 528.6M ~ (Fig. 1) that can be attributed to a transverse mode of
cm ! with a FWHM of ~0.4 cm * and an intensity close to H-12C,, pairs(see Refs. 7 and 16since its IA also correlates
the background noise level: the same feature has also be#fith that of the stretch mode. o
observed in the spectra for other samples. Estimated IA's for Concentrationgem™?) of isolated or complexed impuri-
this feature are close to 1% of that for the sharp line at 546.9€s are obtained from the product of a calibration fadtor
cm L, again consistent with the ratio expected for modes ofnd the IA of the LVM absorptiofi? Values off for the G
naturally occurring carbon. If this interpretation is correct,LVM and the stretch mode of H+Cin InP have not been
the experimental value foy is 2.3, which is still within the ~ determined but values dfo=(7+1)X 10" cm™ (Ref. 19
acceptable rangé.In summary, we have shown that there is and f.c=(9+2)x 10" cm™* (Ref. 20 have been obtained
a possibility that the sharp line at 546.9 ¢his the °C,,  for the corresponding modes in GaAs. Use of these values
LVM, consistent with its observation in the spectrum for the

n-type nominally undoped sample MR91Rig. 2). No asso- TABLE Il. Comparison of the frequencies of the LVM’s for
ciated gap mode has been detected but this may be due to ti§¢lated and hydrogen passivated carbon accepterand H-G,,
low concentrations of the center. respectively.
Cy H-Cy H-Cy H-Cy,
B. Modes of hydrogen-carbon pairs Mode Tgem™Y A7 em™ A (ecm™) E(em™
We now discuss modes of H-C pairs observed in thanp 546.9 27033 413.5 521.1

present samples. The line at 2703.3 ¢nfFig. 3 is identi-  Gap 606 2661 477
fied as a stretch mode of a 1€, pair by comparison with (Refs. 17 and 18 2660.2
the modes of H#C, in other 1ll-V compounds for which Gaas 582.8 26352 4527 E* 562.6
this pair defect has been detected, namely for G&&aP,®  (Refs. 7 and 12
and AlAs (Ref. 14 (Table I)). In addition, a weak absorption pjag 6315 2555.4 4870 E- 656.6

feature at 2696.6 cnt, which can be identified as the stretch (Ref. 16
mode of H¥3C,, was observed with a strength1% of the :
line at 2703.3 cm®. The isotopic separation of 6.7 cthis  2The peak position and FWHM of this line increase by 0.3 and 0.7
the same as that measured for the corresponding stretchm™, respectively, for the most heavily doped sam(#R949
modes of H-Gs in GaAs and is comparable with those for and the line shape becomes slightly asymmetric.
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200 " to an LVM at 2316 cm*.2>?*We have observed this line in
[ H'* Ce the InP substrates used in the present work but no extra ab-
150 Ay -mode sorption was detected after the epilayer growth. We conclude

that this is not the center that compensates the unpassivated
Cp acceptors.

The strength of the sharp LVM feature at 546.9 ¢rthat
may be due to (; donors increases @€p] v increases but
it has been shown that the estimated concentrations of these
compensating donors are smaller thi&p] by a factor of~5
in the doped samples. The possibility that complete compen-
sation results from the presence of grown-ip, @onors
Wave number (om”) therefore appears to be untenable for the present samples.

FIG. 4. IR absorption spectrum for sample MR950 taken at a A third possibility is thatP, antisite defects are present,
resolution of 0.1 cm?! showing the line attributed to th&; mode as su_gges?eld prewou§|§. These defgcts hqve been posi-
of H-12C, at 413.5 cril. tively identified, by a range of techniques, in InP grown at

low temperatures (less than 350 °C by gas-source
for InP leads to derived total concentrations of Carbon,moleculalr-b'e?ﬁrr; gepitaxy, using cracked phosphine and el-
[Cli=[Crlium +[H-CrlLym Significantly greater than those emental indiunt>°They are double donors with energy lev-
measured by SIMSClsws, but this discrepancy is removed €IS atEc+0.12 eV and aEc—0.23 eV, above and below the
to within ~10% by reducing ;. to 2X 101° cm* (Table . conduc_:tlon—bqnd edge, respectlvely, and their presence can
This value implies that the effective chafydor the H-G, ~ '€Sult in carrier concentrations of up tox20' fm_s In
stretch mode i)~ 2e, compared withy~ e for H-C, pairs samples grown at temperatures less than 280 °C. The pres-
in GaAs. The derived values foH-Cp],\y are smaller than €NC€ of the R antisite defects must result from the growth of
[Hlsms by factors of~3.5 but hydrogen may be present in nonstoichiometric, phosphorus-rich layers, similar to the As-

: : ; .

other forms that are not IR active. This is implicit in the Mch layers found in low-temperature GaAsHowever, the
results for sample MR919 since no LVM's from H com- identification of G acceptors in the present samples would
plexes were detected althougH]sps=2.1x101 cm 2. In imply that vacant phosphorus sites exist on the growth sur-
this analysis the values of the IA relating [iBy] have been face, such that carbon atoms can be incorporated on the
measured for the total absorption profile at 546.9 tnthat ~ 9roup-V sites. This could occur if the concentration of in-
is, no separate account has been taken of the sharp but Weg'lym atoms at Fhe ep|Ia_yer surface dur_mg growth is en-
superposed component. If this component is attributed to thB@nced by the introduction of C£lpossibly due to the
LVM of C,, donors, we can deduce an LVM calibration fac- greater rate of d|ssoma_t|on of TMIn: this process _mlght
tor f =2.8x 1016 cm™* and an effective charge=1.8¢ from also contribute to the high carbon concentration. This pro-
the Hall measurements of thretype sample MR919. These posal is similar ‘2 a previous suggestion for MOVPE growth
are plausible parameters but it would be implied {iG}] is 9f I_nP at 625 °C"* However, a _h|g_h _surfa(_:e concentratlon of
much smaller thafiCy] by a factor of~5 for the samples |nd|_u_m would be expected to inhibit the incorporation gf P
doped using CGl If the two concentrations were compa- antisites.
rable, a stronger LVM, together with a gap mode, should
have been detected for,C V. CONCLUSIONS

100 |

aQ
o
T

Absorption coefficient (cm™)

O-lllllllllllllllllll
an 412 413 414 415 418

In summary, we have presented IR absorption measure-
ments that show that high-resistivity MOVPE InP grown at
This LVM study of InP grown by MOVPE at 500 °C and 500 °C and doped using Cftontains high concentrations
doped using CGldemonstrates that carbon atoms are incor{~3>10'® cm™3) of both isolated ¢ acceptors and H-C
porated on the group-V site. Approximately 50% of thesepairs. These centers have been identified from their LVM'’s
acceptor centers are passivated with hydrogen during growtat 546.9 cm* (Cp) and at 2703.3, 521.1, and 413.5 thn
to form neutral hydrogen-carbon pairs and it is implied that(H-Cp). A sharp weak line, superposed on thel®M, may
the material must have begrtype during growth. Hydrogen be due to G, donors present at a much lower concentration.
atoms, derived from the dissociation of PHtould also be It is concluded that the carbon doping from G@&lads to the
incorporated during growth and additional atoms may diffuséncorporation of G acceptors that overcompensate grown-in
in during the cooling period. The latter process has beemlonors and that the complete compensation results from the
established for the passivation of Zn acceptors inFRis hydrogen passivation of the excess acceptors.
clear that compensating donors or hole traps must also be
present in a comparable concentration, to account for the
semi-insulating nature of the material. We now consider pos-
sible identities for these defects. The authors thank The Engineering and Physical Sciences
It has been reported that the fully hydrogenated indiumResearch Council for their financial support of this project
vacancy,V|,H, acts as a single shallow donor and gives rise(Grant No. GR/K 9697x
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