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Optical evidence for 630-meV phosphorus donor in synthetic diamond
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Diamond samples doped with phosphorus either during high-pressure/high-temperature synthesis or during
chemical vapor deposition growth are studied by cathodoluminescence at low temperatures. Some of the
specimens unintentionally contain boron acceptors in low concentrations as demonstrated by the observation of
boron-bound exciton emission at 5.215 eV. Other samples show a lower energy-bound exciton line at 5.175 eV
relating in intensity to the phosphorus concentration and indicative of a phosphorus impurity or a phosphorus
complex. Four samples phosphorus doped by different techniques reveal almost identical discrete donor-
acceptor pair-line spectra between 5.2 and 4.7 eV. The appearance of these spectra gives firm evidence for a
phosphorus-related donor. Analysis of the spectra assuming boron as the acceptor involved yields an ionization
energy of (63@:50) meV for the phosphorus don$60163-182@9)06219-0

The advent of low-pressure/low-temperature chemical vasuggested that phosphorus donors on substitutional lattice
por depositionNCVD) techniques for the growth of diamond sites were responsible for the conductivity.
layers on various substrates and recent improvements in tex- In the present paper we employ luminescence techniques
ture, orientation, and morphology of such layers have openetb study phosphorus-doped diamond. First, we find a bound-
up new perspectives for diamond applications as sensorsxciton recombination line at 5.175 eV photon energy, which
actuators, and electronic devices. Whereas it is often suffis tentatively ascribed to the TO-phonon replica of an exciton
cient in electronic applications to ugetype layers doped transition at a substitutional phosphorus atom or a
with the acceptor boron other applications requitype ma-  phosphorus-related complex. Second, in four samples con-
terial or, at least, makae-type conductivity highly desirable. taining unintentionally boron and doped with phosphorus by
Nitrogen as a “natural” substitutional donor with an ioniza- different techniques we observe almost identical line-
tion energy ofEp=1.7 eV (Ref. 1) is generally little helpful  resolved donor-acceptor pair spectra. The analysis provides
as it provides a too-low carrier concentration though  firm evidence for phosphorus as a donor. The present spectra
junctions with boron acceptors and nitrogen donors havén the band-edge region (. .. 4.7 eV are different from
been successfully demonstrate@heoretical candidates for previously reported donor-acceptor pair-line spectra at much
shallow donors are phosphor(substitutiongl, and lithium  lower energy (2.8 .. .2.07 e\j which were ascribed to bo-
and sodium(interstitial). Their ionization energies as calcu- ron as the acceptor and to a deep donor with 3.57 eV ioniza-
lated by different theoretical approaches vary strongly withtion energy*®
values of 200 me\M(Ref. 3 or 1090 meV(Ref. 4 for phos- The samples studied are HPHT synthetic single crystals
phorus, 100 meV for lithium, and 300 meV for sodidm. and CVD-grown homoepitaxial diamond films. The HPHT
Experimentally, these species have been introduced into di@iamonds were doped with phosphorus during the HPHT
mond by doping diamond layers during CVD growth either synthesis with phosphorus as the catalyst. The crystals spon-
on Si substraté$ or on diamond substrate®and by ion taneously nucleated in the pressure chamber have sizes of
implantation of natural and synthetic diamorid$? Phos-  only 50—100 um. Therefore, no secondary-ion-mass spec-
phorus has also been introduced into high-pressure/high tentroscopy (SIMS) studies were possible to determine the
perature(HPHT) diamonds by using this elemental speciesphosphorus concentrations. The CVD diamond films were
as a catalyst® In electrical measurements, a direct correla-grown on(111) HPHT-Ib diamonds by microwave-assisted
tion of n-type conductivity with the prospective donor spe- CVD. They were doped during the CVD growth by adding
cies introduced is often difficult, since it might be due to phosphine to the reaction gases. These samples were grown
defects created by damage during irradiation which is notinder similar conditions and have film thicknesses between
completely annealed out. Also, hopping conductivity has of-300 nm and 2 um, and phosphorus concentrations between
ten been found revealing itself by a thermal behawor 10'%cm?® and~10'%cm?® as studied by SIMS. In the cathod-
~exp(T/Ty)Y* instead of impurity-to-band activation of do- oluminescencéCL) measurements the samples were glued
nor electrons characterized ly~exp(—E/KT).1° Recently, on the copper sample holder of a continuous-flow crystat that
Koizumi et al® and Kalishet al1*in Hall measurements on was cooled either with liquid nitrogen or liquid helium. The
phosphorus-doped homoepitaxial CVD films observedemperatures on the sample surface could be varied between
n-type conductivity with exponential activation, and from 20 and 300 K. The luminescence was excited by 8 keV elec-
Arrhenius plots determined apparent activation energies afons from a conventional reflection high-energy electron dif-
approximately (48 . . .460) or 500 meV, respectively. They fraction electron gun. The CL signal was focused with Al-
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Wavelength (nm) The Coulomb term describes the interaction of the charged

260 250 240 230 donor and acceptor after recombination and depends on the
discrete-valued spatial distance of the two impurities. The
Coulomb integrall(R;) involves the interaction between the
electron and the hole, and the interaction of the electron and
the hole with the donor and acceptor ions, respectively.
J(R;) can be neglected for larg®, . In diamond, the wave
functions are strongly localized at the impuritighe wave
function radius is comparable to the lattice constf)tand
J(R;) plays no significant role in the following assignment of
line energies tdR; values.

In a crystalline semiconductor, the dopants can occupy
discrete lattice sites only. If the donors and acceptors are on
substitutional sitesi; can take the following valué$

Ri(m)=ag\(m—hb)/2, 2

with b= 0 for type | donor-acceptor paifgdonors and accep-
tors are on the same sublatti@ndb=5/8 for type Il donor-
acceptor pairgdonors and acceptors are on different sublat-
4.8 5.0 5.2 5.4 tices. mis a positive integer and called the shell number,
Photon Energy (eV) anda, represents the lattice constant.
The lower trace in Fig. 1 represents a simulated DAP
FIG. 1. Near-band-edge CL spectra of phosphorus-doped diaspectrum resulting from Eq$l) and(2). 50 transitions with
monds: (8) Microwave-assisted CVD layefNIRIM, Japan (b)  shell numbers up ton=25 for both types of pairs were su-
HPHT-crystal(NIRIM, Japan (c) hot-filament CVD laye(Techni-  perimposed. They were Gaussian broadened with 10 meV
cal University, Vienna, Austria Theory: Simulated spectrume{  halfwidth, and their relative intensities correspond to the cal-
=5.7 anda,=3.568 A with E,=370 meV (boron and an as-  cylated number density of pairs at the individual shell num-
sumed donor ionization energy &p=630 meV. For the assign- parsm1® The transition probability was assumed to remain
ment of lines to shell numbers, see Fig. 2. Vertical-dotted andyqnstant for these first 100 transitions in total. The simulated
-dashed lines are eye guides. spectrum was then shifted in energy so as to reproduce most
) ) ) satisfactorily the essential experimental features. As men-
coated parabolic mirrors onto the entrance slit of a lijoned above, simulated lines at low-shell number values are
m-monochromator and detected with a J-bboled UV- ot expected to coincide with experimental lines due to the
optimized charge-coupled device camera. The accuracy of(R) term. Two other assignments of the simulated spec-
the energetic positions quoted-s0.3 meV, and the resolu- ym to the experimental spectra, withtr50 meV shift from
tion was typically 2 meV. the assignment shown in Fig. 1, seem possible but were less
Figure 1 depicts near-band-edge CL spectra at 80 K of @pnyincing. In Fig. 2, we have plotted the line positions of
phosphorus-doped CVD diamond filfspectrum fand of &  the giscrete DAP transitions against the inverse of the nor-
phosphorus-doped HPHT diamofsbectrum b Two other  majized distances. A linear relationship results, supporting
HPHT diamonds show spectra very similar to those in Fig. 1oy interpretation of the experimental line spectra as discrete
in the whole range of photon energies. In spectinthe  pap transitions. Extrapolation of the straight line R
TO phonon replica of the bound-exciton recombination at_, yields an intersection with the coordinate &,( E
boron acceptors BEz®) is weakly detected. The doublet _ Ep)=4.50 eV. Consideration of the two neglectgd assign-
structure with lower energy peak position at 5.215 eV is welljents yields finally an uncertainty of 0.05 eV.
documented in the literatuf®.Boron was not intentionally Three of the phosphorus-doped diamonds under investi-
doped in this sample but is due to traces of this ?'eme”tg(gation show the boron-bound exciton line at 5.215 eV, indi-
the growth apparatus possibly from previous experiments. Atating that boron on substitutional lattice sites is incorpo-
5.175 eV a transition emerges in two of the spefterand  rated in low concentrations. Therefore, we assume the
()] which we have recently seen in several phosphorusacceptor involved in these DA pair transitions is boron. At
doped diamonds and ascribed to a TO-phonon-assisted eXgjjpderate concentrations, boron has an ionization energy of
ton transition at phosphorus donors or phosphorus-relategAzgm meV2° With the band-gap energy of diamori
complexes:’ The set of sharp lines down to 4.7 eV is novel. _5 50 ev26 4 donor ionization energy oFp=630 mev
The lines are more plosely spaced for decreasing photon Rasults with an uncertainty of 50 meV. We have observed
ergy. At the same time they become broader forming unreghe pAP transitions in different samples grown either by
solvable groups of transitions. These features are charactqqpyT o CVD, but only after intentional phosphorus-
istic of donor-acceptor paifDAP) line spectra. Here, the qqoning. Therefore, the donor involved is likely isolated phos-
recombination energfrv of an electron at a donor with @ phorys or a phosphorus-related complex with donor behav-
hole at an acceptor at distanBe s given by® ior.
Hall measurements on similar phosphorus-doped ho-
hv(R))=Ey—Ep—Ea+ e?/(4meegR)+JI(R). (1)  moepitaxial CVD diamond films have confirmed theype
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LA L L L L L L I in the luminescence measurements suggesting that the
5o L o _' present optically deFermined vall_Je Bf, may be more reli-
: Type L: b=0 / ] able than the electrically determined values.
i Type II: b=5/8 . Finally, we compare the ionization energigsof the ac-
A ceptor boron E,=370 meV} and the phosphorus donor
(Ep=630 meVj with the binding energieEg,,¢ x with which
= ol . the excitons are localized at these impurities. The latter val-
- ¥ | s ues are the spectroscopic spacings between the bound-
. exciton recombination lines and the low-energy threshold of
the free exciton(FE) radiation. In silicon, this relation fol-
i .F‘ ] lows an empirical ruleE)o x~0.1 E; as first established by
4 ] Haynes?® In other semiconductors, the proportionality factor
- ] is different and constant energy offset terms have to be
. EyBacEp =4.50eV added. In diamond, using for gﬁ luminescence transitions
- i TO-phonon-assisted  lines, hy(BEL®)~5.215 eV,
i hy(BEL®)~5.175 eV, andw(FET%)~5.270 eV, we obtain
44 L0 0 PR IR W R T Ejoc,x(B)=55 meV andE . x(P)~95 meV. The latter two
0.0 0.2 0.4 0.6 0.8 values would constitute an equivalent of Haynes’ rule in dia-
ay/(R,V2) = 1/(m-b)'? mond E;~0.15 E,. x. Argued from a different point of
view, if this relation valid in diamond in the well-known case
FIG. 2. Energy positions of the discrete DAP lines against in-Of boron is assumed to hold also for a phosphorus donor, the
verse, normalized pair separatidRs,2/a,. The full line is a least-  exciton transition at the donor would be positioned at 5.175
squares fit to the data points intersecting the coordirifate R; eV (where it is actually observedending support to our
—») at (Eg—Ea—Ep)=4.50 eV. suggestion of a phosphorus donor witg =630 meV.
conductivity of such samples. Temperature-dependent Ha To summarize, cathodolum!nescence stud_les on
data yielded an apparent acti;/ation energy for the donor Oghosphorus-doped CVD diamond films apd HPHT diamonds
Ep—(430 . . .460) meV or~500 meV, respectivel§rOur were prese_ntgd. In four samples_ studied, discrete donor-
reDsoIved DAP transitions were only ’detectable in. the CVDacceptor pair lines were observed in a}spectral range near the
band-gap energy of diamond. Knowing that boron is con-

Sa”.‘p'e W't.h the lowest ”Pm.”?a' phosphqrus dopmg.cpncent—ained in these samples besides the phosphorus dopant, we
tration, which shows no significant electrical conductivity. In

turn, we were unable to detect DAP lines in the higherderlve from the DAP spectra an ionization energy of (630

phosphorus-doped samples. This is consistent with the casé_%‘r)o) meV for the donor involved. A bound-exciton transi-
of galliumphosphid® and silicoR? where discrete DAP ion observed at 5.175 eV depends on intentional phosphorus

spectra can only be observed for a limited range of donor anﬁoOplng and is ascribed to the TO phonon replica of an exci-

acceptor concentrations. Thermal activation energies ot{-. n transition at the new donor. Combining the do'nor loniza-
tained from Hall measuréments generally have the disadva lon energy Of. 630 meV from the DAP spectra with the ex
tage that they can represent the full donor or acceptor ior:}-Iton localization energy of 95 meV at the donor we obtain
[O9" . . A the relationE,, x/Ep~0.15 as for the boron acceptor. This
ization energy or half of this value in the extreme limits of €, , L

: X : : could be considered the analogue of Haynes’ rule in silicon.
high or low compensation, respectively, which may not well
be known. Also, they might suffer from contact problems or The authors are indebted to H. Kanda and M. Kamo
the existence of parallel conductivity channels. For high-(NIRIM, Japan and to S. Bohr, R. Haubner, and B. Lux
concentration levels, further corrections due to impurity(Technical University of Vienna, Austriafor contributing
overlap have to be taken into account, which in diamondohosphorus-doped diamond samples. The financial support
amount to ~80 meV for a donor concentration of 2 of the Deutsche Forschungsgemeinscti@bntract No. Sa
x10*® cm™3. Also, in general, the Hall factor possibly de- 520) carried out under the auspices of the D-A-CH coopera-
viates from the value 1 and might be temperature dependertipn of Germany, Austria, and Switzerland on the synthesis
leading to additional corrections. Such problems do not exisbf superhard materials is gratefully acknowledged.
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