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Photocapacitance study of boron-doped chemical-vapor-deposited diamond
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We discuss capacitance-voltage and optically excited deep-level transient spectr@@Byis) experi-
ments carried out on boron-doped diamond, homoepitaxially grown by chemical-vapor deposition. ODLTS
reveals an acceptor-type defect at 1.28 eV above the valence-band edge with a concentratitn of
x 10 cm 3. From the temperature dependence of the ODLTS spectra, a lattice coupling of this electronic
defect level is deduced, which is characterized by a Franck-Condon shift of 0.16@M3-18289)09827-6

. INTRODUCTION 820°C and 30 Torr gas pressure. The gas composition was
100 sccm hydrogen and 4 sccm methane. Diborane was
The electronic characterization of diamond is a long-added resulting in a boron to carbon concentration ratio of 10
lasting story with ups and downs. Due to the extremely highppm in the gas phase. A synthetic type Ib substrate was used,
reSiStiVity of intrinsic diamond, Only a limited number of Whereupon an undoped buffer |ayer of 1 micron was depos-
experiments could be applied to elucidate the electroniq:ted, before the 3.5 micron-thick boron-doped layer was
properties of natural and synthetic material, which, becausgown.
of its extreme qualities, is promising for a variety of device ™ |, 5rder to remove hydrogen and graphitic layers from the
applications. It has been shown—mainly by Iuminescenc%urface, the sample was kept in boiliagua regiafor 1 h
and absorption techniques—that a variety of defects argnq exposed to an oxygen microwave plasma for 25 min. For
present with well-defined energy levels in the band gap oopmic contacts we evaporated titanium/platin/gold of thick-

diamond. However, very little is known about the effects of ,os5 300/170/1500 A. and annealed the sample at 500°C in

disorder on energy levels, capture cross sections of defects, forming gas atmosphere for 10 min. Square-shaped
thermal broadening, etc. In semiconductors like Si, GaAs

. _ . ’ Schottky contacts (X 1 mn?) were realized by evaporation
and the wide band-gap semiconductor Gahis exciting o 1000 A aluminum. A coplanar contact configuration has

field of semiconductor physics has been explored by deefseen ysed, where the spacing between the Ohmic and the
level - transient spectroscopyDLTS), optically excited  gcnotiky contact was 50 microns. The Schottky contact was
(O)DLTS, and photoconductivity experiments. The applica-jjyminated through the substrate. This limits the spectral
tion of (O)DLTS to diamond is limited by the resistivity of range toh»<2 eV, since the Ib diamond is strongly absorb-

the layers, which can be, however, reduced significantly ang for hy>2.1eV. For photon energiekr<2 eV, we
doping with boron. To perform capacitance transient experiL : ' :

it is in addii ial d he f ound no significant spectral dependence in transmission
ments, it is in addition essential to reduce the frequency o pectroscopy of a typical type Ib diamond.
the applied test voltage from MHgstandard capacitance

e A 100-W quartz tungsten halogen lamp in conjunction
meters$ to several ten Hz to account for the emission rate Ofvvith a Spex 270M grating monochromator is used as the

the boron acceptor and the residual resistivity of the layer. light source. Appropriate filters were selected to cut off

In this paper, we use ODLTS expgriments for borpn- igher orders. Two concave mirrors focused the light on the
doped homoepitaxially grown chemical-vapor-deposite

X : chottky contact, to exclude chromatic aberrations. The rela-
(CVD) diamond to explore the energy regime 0.8€Nv iy intensity of the incident light was monitored by a pyro-

=2 eV above the valence band. In this region, the absorptioRyectric detector. The sample was mounted in a continuous
is strongly dominated by the photoionization of the borong,,, cryostat. An ac voltage of 100 mV and 84 Hz was

H 6 —3 .
acceptor even at boron concentrations as low-a6'°cm applied to the reverse-biasé@ V) diode. The capacitance
(Refs. 3 and # Therefore, photoconductivity experiments a4 calculated from the absolute value of the current and its

are unable to explore defects in this energy regime, wheppase shift relative to the applied voltage. Details of the ex-
their concentration does not exceed the one of the boroBerimental setup are described elsewtere.

acceptors. Due to the ionization of the boron acceptors in the The pasic relation used to obtain the ODLTS spectra is
depletion layer of a Schottky contact, however, they cannot

mask the absorption of the defects. So ODLTS experiments dC(t)
are a powerful tool to study optical properties of defects. T ~a,Nt, @
t~0
Il. EXPERIMENT

whereC is the capacitancethe time,o, the photoionization
The CVD diamond investigated here has been grown hoeross sectioniN; the defect density of the sample, a#dhe
moepitaxially in a microwave plasma quartz reactor atflux of the incident light. This relation connects the defect
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FIG. 1. Capacitance-voltage characteristics at 300 K in the dark 5L ;’ i
(squares From the slope of a linear fit to the @7 data (solid . 107k 1 3
. . 6 _3 . o —s—300 K 3
lines), an acceptor density of*610'®cm™2 was determined. [ . * ——th crosssecton] 1
_ . . 10°F ¢ k) ' o 3
absorption coefficientv= o,Nt with the initial slope of the E ! 1.0 13 20
capacitance transients. Plotting these slopes—normalized tc SIS Energy (eV).

the incident photon fluxes—versus the photon energy pro- 10" 190 125 150 1.75 2.00
vides the spectral dependence of the absorption coefficient

(Ref. 6. Due to the contact configuration and the experimen- Energy (eV)

tal setup, the absorption coefficient can be calculated only in

relative units. FIG. 2. ODLTS spectra of a boron-doped CVD-diamond at 300

K (squares and 400 K(circles. Also included are the theoretical
calculations for the absorption at the two temperatures afte¢7q.
IIl. RESULTS AND DISCUSSION The inset shows the spectrum at 300 K with a photoionization cross

The Schottky contacts give rise to normal diode Section after Inkson.
capacitance-voltage characteristics, which are shown in FiQhermaIIy induced broadening, which becomes evident by
1. The curve was recorded at 300 K in the dark. From thgomparing the spectra measured at different temperatures as
slope in the 1C* plot we obtain an acceptor densitgf 5 shown in Fig. 2. The two spectra, recorded at 300 and 400 K,
X 10%cm™3. are normalized tor,N7(1.6€V). For photon energiesy

The ODLTS spectrum at 300 K—obtained from the initial <1 25 eV a strong temperature dependence of the absorption
rise of the capacitance transients—is shown in Fig. Zan be recognized.
(squares A threshold at 1.0 eV is detected. The absorption To calculate the energy level of the defect detected by
steeply increases over 4 orders of magnitude and shows @DLTS, we assume the lattice relaxation model, which
maximum at 1.65 eV. Fohry=1.65eV, the absorption de- manifests itself in a Stokes shift of the transition energy for
creases. To determine the trap levels from optical absorptiogptical ionization relative to the energy necessary for thermal
one commonly calculates fits of theoretical photoionizationionization. This is schematically shown in Fig. 3. Here, the

cross sections to the experimental data baséd on lattice energy plus the electronic energy of the initlalver
hy—E-) (hy—E)° parabola and the finallupper parabolastate is plotted ver-
o e(hv—Ey) (hv—Ey) (2  sus the configuration coordinate. After photoionization, the
° hv (hp)? 7 hole is delocalized in the valence band. Therefore, the final

state is defined by the vibronic states of the defect and the
: . density of states of the valence band. Accounting for this, the

the valence band can be 0 or 1, which defines an allowed resulting optical cross sections has to be recalculated

or a forbidden transition, respectively, angdeither O or 1, - g op : o : J

stands for an indirect or a direct transition, respectivelySince the expression far, from Eq.(2) does not include any

However, none of the four theoretical cross sections can bglectron-phonon interaction. Here we follow the approach of

fitted satisfactorily to the experimental data. For example,*]arogo

the best calculated fit of a cross section with trap energy at 1

1.28 eV,p(E)~EY? 5=1, andy=1 is shown in the inset ob(hy)= —f (®|—ikV|yr)PL(e,hv)o(e)de, (3)

of Fig. 2. Although a good agreement between the optical hy

cross section and the experimental datatiee=1.6eV is where® and ¢ are the wave functions of holes in the va-

achieved, the deviation below 1.6 eV is obvious, indicating dence band and in the trap, respectively. As Hamilton opera-

significant level broadening of the absorption centers. tor, the standard dipole approximation of the electromagnetic
Broadening can have various causes. It can be due fileld is used.L(¢,hv) is the line-shape function that takes

bonding disorder introduced by structural imperfection suchinto account the different transition probabilities between the

as dislocations in the layer. More important, however, isvibrational statesr and 8 of the defect and has been treated

whereE+ is the trap level an@ (E) the density of states in
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TABLE I. Numerical values of the fit parameters, which have

final

hole delocalized been used to fit the experimental data by a theoretical model.
5 \ in valence band
% 6 ~/ Parameter Value
2 y )
= initial 3 1
g hole localized Phonon energy hQ 35 meV
% / at defect Huang-Rhys Factor S 45
] 7 Franck-Condon shift ShQ) 0.16 eV
w Trap energy Et 1.28 eV

1 (hv—E;—phQ)?+12
> oot~ 3 W) — e ()

Confiuration coordinate Q

where y and § have the same meanings as in Ez).

FIG. 3. The configuration coordinate diagram for deep levels. . . . .
The two parabola—initial and final defect state—with the vibra- Equation (7) contains five free parameters of interest,

tional defect levels are shifted horizontally by the change in conn@mely the trap energ¥r, the two parameters for the
figuration coordinate and vertically by the trap eneByy. Optical ~ Photoionization cross sectiopandé, the Huang-Rhys factor

transitions between different vibronic states of initial and final de-S—present inW(p)—and the phonon energi). From the
fect state are marked with arrows. presence of a maximum in the measured absorption versus

energy followed by a decrease towards higher photon ener-

in detail by Keil’* When the lattice coupling is treated quan- gies (h»>1.65€eV), we assumg=1, 5=1, since this is
tum mechanicallyL consists of a sum over weighted delta characteristic for a direct, allowed transition. Nothing is
functions, which represent the contribution of each vibra-known about the phonon energy) of the defect. In our
tional state of the defect to the photoionization. Most authorgalculations, we assumed values in the range 30 to 60 meV,
replace this sum of delta functions by a Gaussian functionwhich is reasonable due to the fact that in absorption and
This is valid in the so-called high-temperature/strong couduminescence experiments on diamond these values are often
pling limit,*2 which is defined by a large Huang-Rhys factor detected? Finally S and Er have been used as fit param-
Sand high temperatures, i.e., phonon enetgy<kT. But  eters. The best fits are shown in Fig. 2, the corresponding
these conditions are not fulfilled in many cases, since—fit-parameters are summarized in Table I.

especially in diamond—the phonon energies are equal to or It is worth noting that the Huang-Rhys fact& is not
even larger tharkT in the temperature range consideredindependent of the phonon energi§2. Varying the latter in

here. Therefore, we use the full quantum-mechanical expreghe range 15 meV to 50 meV, the best fits were obtained with
sion for the line-shape function values ofS that were given througB=0.16 eV£ ), with a

constant Franck-Condon paramedet S () of 0.16 eV. For
* the optical ionization energy we calculate 1.44 eV, using the
L(E,hv)= X &(phQ+Er+E—h»)W(p) (4  relationEqy=d+Er.
p=—= The shoulders in the calculated spectrum result from the
summation over the individual photoionization cross sections
located atpz() aroundE;. The lack of this feature in the
_ experimental data allows two conclusions. First, that the lo-
W(p) = exil pA/2kT=Scoth( 7 1/2kT)] cal phonon energy is smaller than about 10 meV. These nar-
X1 [ Scoseckit /2K T)]. (5) row spaced shoulders cannot be resolved within this experi-
ment. However, such a small phonon energy gives rise to a
In these equationk, is the Bessel function of the first kind large Huang-Rhys factorS=16) and therefore to strong
with imaginary argumentf() the energy of the involved electron-phonon coupling.
phonon anchv the energy of the incident photons.s de- On the other hand, the defect may couple to broad ranges
fined byp=a— B wherea and 8 are the quantum numbers of phonon energies and therefore no discrete structure would
of the phononic excitation of the ground state and the ionizedbe resolved in the measured spectra. Since it is—within the

whereW(p) is the weighting function and is defined By

state of the defect, respectively. presented experiment—not possible to extract information
The integral Eq(3) now decays in a sum over weighted about the involved phonon energy, the fitting value should be
matrix elements regarded as an effective frequency. However, the main infor-

mation about the configurational properties is given through

1 - the Frank-Condon parameter of 0.16 eV, which is indepen-
ot(hv)= - > W(p) (@|—ikV| )] dent of the phonon energy.
p=== Neglecting retrapping of holes, the defect density has
X o(hv—Eq—phQ). (6)  been calculated froff

For the calculation of the matrix elements we again rely on AC

Nt=2Np —F——, 8
the model of Inksofi.Thus, we get, using (E) ~E? T ACsdhwy) ®
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FIG. 4. Two transients capacitances for photon energies
=1.02eV and 1.7 eV. The change in illuminated steady—state ¢
pacitance between the two photon energies is related to the def
density.
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Equation(8) is an approximation foNt<<N,, which is
not fulfilled in our case. Evaluating the exact expression,
leads to a slightly lower defect density. However, we con-
sider this as a minor error in comparison with the error in-
troduced by the coplanar contact geometry.

We have observed this defect in various samples from
other growth methods and reactors, too. However with dif-
ferent spectral shapes of the absorption due to the superpo-
sition of an additional trap.Even in natural type Ilb dia-
mond a defect absorption could be detected at a
corresponding energy by Ristei al1® The ubiquity of this
defect in boron-doped diamonds suggests the relation to a
common impurity like nitrogen, an intrinsic defect like a
vacancy or a carbon interstitial or even to a boron-induced

defect level.

ect
IV. SUMMARY

In this paper, we present ODLTS measurements on

where AC=Cgdhv,)—Csdhv;) is the change of the boron-doped, homoepitaxially grown CVD diamond. A de-
steady-state capacitance under illumination between twéect level at 1.28 eV above the valence-band edge with a
photon energies. This is shown in Fig. 4av, has to be defect concentration of1x 10*cm~2 is found. The effect
lower than the optical ionization energyhere hv; of lattice relaxation after ionization could be demonstrated
=1.02eV) andhv, has to be above the optical ionization and revealed a Franck-Condon shift of 0.16 eV. This defect
energy (here hv,=1.7eV). N, is the acceptor density, has also been detected in single-crystal synthetic type llb
which has been calculated fro@—V-measurements. For diamond and other CVD-grown boron-doped layers, which

our sample we calculatd;~1x 10'%cm 2 for this level.

will be published in the near future.
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