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Low-temperature spectroscopic study ofn-type diamond
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A spectroscopic study of epitaxial phosphorus-dopégpe diamond films, prepared by the chemical vapor
deposition(CVD) technique, was carried out using the constant photocurrent mé@iid). Liquid nitrogen
temperature CPM data show two new optically active defects in the gap of the P-doped CVD diamond film. A
theoretical fitting of the optical cross-section data yields 0.56 eV optical excitation energy for the first level
(denoted aXp;) and 0.81 eV for the second lev@lenoted aXp,). TheXp; optical data are in good agreement
with Hall measurements, showing about the same value for(ttierma) activation energy of the carrier
concentration for P-doped samples. TKpr-defect level remains unidentified. Liquid helium temperature
measurements for a high-electrical mobilistype diamond sample show P-related oscillatory photoconduc-
tivity. [S0163-182(09)02023-9

The preparation ofi-type diamond has always been one optical excitation energy of defecte.g., their energy posi-
of the diamond-material physics challenges, never accomntion within the forbidden optical gapThe quasisteady-state
plished for synthetic and natural diamond, and it is of generaphotocurrent(7-13 Hz modulation and CPM setups, used
interest for the semiconductor physic community. Only veryfor these measurements, are described in Refs. 7 and 9. The
recently, using the chemical vapor deposition methodmeasurements are carried out at liquid nitrogeT), liquid
(CVD), the group at NIRIM has succeeded in the first prepa-helium (LHeT), and at room temperaturéRT). The spectral
ration of thin(around 1zm-thick) n-type phosphorus-doped resolution of the system at 2000 nm is typically 4 nm.
homoepitaxial diamond filmsRecent Hall-effect measure- Graphite/Au coplanar interdigitated contacts with &@n
ments for P-doped samples showed an activation energy @bacing(30 fingers were deposited by lift-off photolithogra-
the carrier concentration of about 0.40-0.60 /But, so phy on top of the diamond film. Eventually, two coplanar
far, there has been no direct SpeCtrOSCOpiC evidence of ﬂ'@'aphne contacts with a gap of 1 mm were used for smaller
phosphorus level in the gap of diamond. An observation of &amples. The dark and photo I-V characteristics were linear
P-bound exciton suggested an energy position about 0.64 eNp to an electric field of 4000V cit. Samples were mea-
below the conduction band for the phosphorus IévEhese sured after an oxidation treatment.
indications for the phosphorus level energy position differ Figure 1 shows the RT photocurrefRC) spectra of the

from theoretical calculations, which suggested a shallowera_Substrate samplé. The substrate shape was triangular

defect at about 0.2 eV below the conduction batere, we with two parallel optically polished111} facets(see the in-
present spectroscopic evidence of the phosphorus optical ac- P P yp

tivity in diamond, using the constant photocurrent metho et of Fig. 3. The largertback surfacgfacet was embedded

(CPM).°> Two new optically active defects are revealed byduring the diamond deposition aqd thus left intac;t. This al-
CPM in the n-type phosphorus-doped diamond films: onelowed us to carry out a comparative spectroscopic measure-
defect at 0.56 eV and the other one at about 0.81 eV opticd['€Nt on the larger back surface facet only. The la substrate
excitation energy. Additionally, a low-temperature oscilla-PC Spectrum in Fig. 1 is similar to those available in the
tory photoconductivity is observed for a high-mobilitype  literaturé®!* and consists of PC continuum bandsvo
sample. maxima at 3 and 3.3 e\and a rise at about 4 ef%.In the IR

The investigated samples were phosphine )Ptbped, region, there is no substrate absorption and the photocurrent
0.5—3um-thick epitaxial CVD diamond deposited on pol- falls off very sharply below the detection limit of the setup
ished top{111} facets of la- and Ib-type natural diamond (about 10 fA. Surprisingly, the photocurrent measured for
crystals. The sample characteristics including the secondarghe smaller facet with the P-doped layer is quite different in
ion-mass spectroscop§SIMS) measured P concentrations the IR region. Two new shoulders, not present in the la-type
and the results of Hall-effect measurements are summarizesbibstrate, appear in the spectrum. One shou{denoted
in Table 1. For preparation details see Ref. 2. The CPM techhere asXp;) has an onset at about 0.6 eV. The other one,
nique is a common optical method used for investigations oflominant at RT(see beloy, shows an onset at about 0.8 eV
the optical cross section of deep defects, and widely used ifdenoted here a¥p,). The phase shift of the measured pho-
the past for studying defects in Si, GaAs, and othertocurrent spectra is shown in the inset of Fig. 1. Thus, the
semiconductors? Recently, the CPM has also been applieddata in Fig. 1 indicate the presence of two new optically
to CVD diamond’® The CPM allows us to determine the active defects in P-doped CVD diamond film.
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TABLE I. Characteristics of P-doped epitaxial CVD diamond fil&sC, prepared by the PECVD tech-
nigue using a Ch:H, (0.075 volume percepgas mixture andh situ doped by PH. Samples are prepared
at substrate temperatures of 900-950 °C. Listed data show the part per nidpom concentrations of
defectsNg s determined by SIMS, the RT carrier concentration valogs determined by the Hall mea-
surements, and the optical photoionization endEgyletermined by CPM.

Sample Substrate RH Ngums  Film thickness NrT ) E,

no. (ppm)  ppm (um) em™3)  (cmPV7isT?) (eV)

A la 100 15 3 0.56; 0.81
B Ib 1000 50 0.5 1% 50 0.56

C Ib 1000 50 0.5 0.56; 0.81

To investigate in detail the photoionization cross sectiorphosphorus, the dark conductivity was also too low to be
of the new levels we have used the CPM. By keeping theletected by our Hall setup. The origin of the difference in the
photocurrent constant, the occupation of the gap states ®lectrical conductivity for the sampl@&andC is not known,
fixed for a different light excitation energy and the CPM but the crystalline perfection of the epitaxial layer, induced
measured spectra correspond to the optical-absorption codfr example by small variations in the CVD deposition tem-
ficient @. The related opticalphotoionization cross section perature is one of the important parameters. The CPM mea-
o, for bound-to-free transitions can be determined by thesurements showed that in the samBlenly the Xp; defect is
relatior? present. On the other hand, the sam@lexhibited both —

the Xp; and theXp, defects(see Table )l Thus, a compen-

a=Npo~1/Npp, (1) sation action of theXp, defect is a possibility. This idea is
whereN is the concentration of defects associated with the>uPPorted by the observed phase-shift changes in the 0.5-0.9
investigated levelg, is the optical cross section, aldy, is eV energy region(see the inset of Fig.)1In general, the
the number of incident photons necessary to keep the phot@hetocurrent phase shift reflects changes in the response time
current constant. The RT and LNT CPM optical cross-7» Which are related to the occupation of the gap sfates
section spectra of the measured samples are plotted in Fig. 3nd/or changes related to a switch of photocarrier polarity.
Similar to the data in Fig. 1, the CPM spectra reveal two new BY @ detailed inspection of Fig. 2 it can be seen that the
optically active defects. The LNT measured spectrum idalios Of oxpi(2Exp1)/oxp(2Exps) (.., @ ratio of the
clearly sharper, less broadened by acoustic phonons as cofphotoionization cross section values at twice the energy of a
pared to the RT measurement and show well-defined optical

-
[
o

cross sections of two defect levels. F D
For a numerical fitting of the optical cross sectiopwe 10° r 3 80
use a convolution of the Inkson’s formula with a Gaussian F =
phonon-broadenirtg*? F 2 w0
F <
B [=}
r=(E-E)* exil — (B~ Ei—o)%2w?] 10" F e NI
oi(e)=A - E(E-B)? (27w?) 12 E, energy (eV)

)

whereA and B are constants, ¢, is the energyE; is the
photoionization threshold energy, and/ 2s the full width at
half maximum of the Gaussian phonon broadening term, re-
lated to the Huang-Rhys factor and the enekgy, of the
phonon involved in the optical transitidd Numerical fitting

of the data yieldsEyp;=0.56+0.03 eV andExp,=0.81
+0.03 eV. The sampléA exhibited rather low-electrical
conductivity (it was beyond the reach of our van der Pauw s F
method of the Hall-effect measuremgritevertheless, in the 107 F
coplanar gap-contact configuration we could measure the ac- s
tivation energy of the dark conductivitgee the inset of Fig.

2). Thus, our fit of the optical cross section is in very good

10" F

photocurrent (arb.units)

la substrate

7 I
agreement with the activation energy of the dark- 10 ‘Iléézlléé
conductivity measurement, which yields about 0.55-0.60 eV
for the sampléA. For the sampl®, the Hall-effect measure- energy (ev)

ments showed rather high mobility of 50 &wvi~*s ! and

the activation energy of the carrier concentration of 0.57 F|G. 1. PhotocurrentPC) and optical-absorption spectra for a

eV For sampleC, containing about the same amount of |a-type natural diamond crystal, compared with a spectrum for a
P-doped epitaxial layer, deposited on the same crystal. The inset
shows a photocurrent phase-shift spectrum
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FIG. 2. Room temperatur@RT) and liquid nitrogen temperatuf®&NT) optical cross-section spectrum for the P-doped epitaxial layer.
Theoretical fit of the photoionization cross-section spectfRefs. 12 and 18of Xp; andXp; levels is indicated by the dotted line. The inset
shows the activation energy of the dark conductity of 0.55-0.60 eV.

particular defect photoionization threshdi) are different tocurrent phase shjftAnother possibility, indeed, is that the
for the LNT and RT measurements. In the Lucovsky'sXp; level can be a deep donorlike defect. In this case one
modef® the o (2E;) value is proportional to the defect con- should consider the movement of the electron quasi-Fermi
centration. In the case of a compensating acceptor level, sudavel (E;,) towards the conduction band upon lowering the
a difference can be induced by a change of both quasi-Fermémperature for the explanation of differencesrigs/ oxps.
levelsE¢, andEg, with temperature, which may consequently The exact mechanism and the possible origin ofXpglevel
cause a change in the recombination lifetitaed the pho- are currently investigated in detail.
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In Fig. 3, the LHeT photocurrent spectra are plotted on To conclude, for the first time a spectroscopic study of
the linear scale for samplB. This sample, as discussed n-type CVD diamond films has been carried out using the
above, shows only th¥p; defect at onset of about the 0.58 constant photocurrent methd€PM). The LNT measure-
eV for the LHeT measurement. Additionally, we can clearlyment clearly points to the existence of two new defect levels
observe distinct minima in the photoconductivity. Similar in the gap of CVD diamond. A theoretical optical cross sec-
spectra with photocurrent minima have been observed fation fitting defines the position of the first level, denoted as
boron-doped single-crystal diamoritlb) and attributed to Xp,;, at about 0.56 eV optical excitation energy. The second
so-called oscillatory photoconductivity due to thermalizationlevel, denoted aXp,, is positioned at 0.81 eV. Thép, level
of photoexcited holes by an emission of LO phonbha position is in excellent agreement with Hall measurements of
fine inspection of the spectra in Fig. 3 suggests at least twthe activation energy of the carrier concentration. Kagis
sets of equidistant minima. The energy difference betweefound in samples with a high resistivity and more informa-
the minima(marked by arrows in Fig.)3agrees well with the  tion is necessary for its clear identification. The oscillatory
energy of the LO phonok,,=165 meV in diamond. Exis- photoconductivity is observed in the P-doped samples, which
tence of such sets of photoconductivity minima points to-can be interpreted as being due to a rapid capture of electrons
wards collection levels near the bottom of the conductiorby collection levels near the conduction-band minimum with
band. The energy position of the collections levels, which are simultaneous emission of LO phonons.
usually excited defects statfscan be calculated by sub-
tracting the LO phonon energy from the lowest observed
minimum of the cascade s&ee Fig. 3 The photocurrent
minima and theXp; onset were observed for the above This work was supported by the Belgian FWO research
sample at different temperatures ranging from 5 to 77 K. Thé’rogram No. G.0014.96. The authors would like to thank Dr.
exact description of the oscillatory conductivity, including J. Manca from the Limburg University for the activation en-
determination of the excited phosphorus levels by using thergy measurements, and Dr. M. Vanecek from the Institute
photothermal photoionisation spectroscopy, will be pub-of Physics in Prague and Dr. Etienne Gheeraert from
lished in a separate publication. LAPES-CNRS in Grenoble for fruitful discussions.
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