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Electronic properties of CVD and synthetic diamond
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Transport and contact properties of synthetic llb- and intrinsic chemical vapor depd€itt®) -diamond
films are discussed. The samples have been investigated by time-of-flight and transient photoconductivity
experiments using Cr/Au contacts. A hole depletion layer at the Cr/Au-Ilb-diamond interface and an electron
depletion layer at the Cr/Au-CVD-diamond interface is detected. The data indicate that our normally undoped
CVD-diamond films ara-type semiconductors. In llb diamond the mobilities of electrons and holes have been
measured, while in CVD diamond no carrier transit can be detected due to the short Schubweg less than or
equal to lum. Two trap levels located approximately 190 meV below the conduction band and 670 meV
above the valence band are deduced. Electron spin resonance experiments demonstrate that these CVD films
are highly defective, containing about ¥0cm 3 carbon related defects g&2.0029).
[S0163-182607)00215-4

. INTRODUCTION surface indicate crystallite sizes of 10—2én, while the
back side(interface to the Si substratshows no texture.
The structural properties of chemical vapor depositionThe silicon substrate has been removed by a KOH etch. The
(CVD) -grown diamond have improved significantly over synthetic Ilb-diamond sample has geometric dimensions of
recent years. Layers wittl00) columnar texture are avail- 5x3x0.5 mn?t. On the top and back side of each film,
able with thickness ranging up to several hundreds okemitransparent contadt5% transmission at 215 Hrwith
micrometers. Now the optimization of electronic properties an area of 3 mmhave been deposited by subsequent evapo-
of CVD-diamond films attracts increasing attention in orderration of Cr/Au. The samples have been illuminated through
to realize active or passive electronic devices such as particlge top contact.
detectors, UV sensors, and high-temperature switching de- A time-of-flight setup as shown in Fig. 1 has been used,
vices. The properties of monocrystalline diamond are wellhere a nitrogen pumped dye laser with a frequency-
known and applications are promising due to the high elecdoubling 3-barium-borat¢BBO) crystal creates laser flashes
tron (2200 cné/V s) and hole (1600 cAV s) mobilities,  of 500-ps duration at a wavelengihp of 215 nm(5.6 eV).
high saturation carrier velocities (X80’ cm/s), high  The absorption coefficient of diamond &gy, measured by
electric-field breakdown strength (1&/cm), high intrinsic
resistivity (as high as 1# S/cm), and low dielectric constant - o
(5.7).2 On the other hand, very little is known about the
transport properties of synthetic and CVD-diamond films.
In this paper we discuss transport properties measured b Trigger:
time-of-flight and transient photoconductivity experiments, Laser
performed in a sandwich contact configuration on synthetic
IIb- and CVD-diamond layers. We investigate contact prop-
erties of the Cr/Au-diamond interface, bulk properties such *
as mobilities of electrons and holes in IIb diamojd; prod- e %‘)—
ucts, and the Schubweg of carriers in CVD diamond. A brief y
discussion of the electronic properties with respect to defect
densities deduced from electron spin resonance experiment
is also given.
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Il. EXPERIMENT Pmtp

The CVD-diamond films have been grown by microwave G, 1. Time-of-flight setup. A hpumped dye laser with a
plasma assisted CVD technique, using methane and hydr@equency-doubling BBO crystal is used as the light source. The
gen as source gasédlo nitrogen has been added intention- sample is placed in a cryostat and the field is applied by a pulse
ally; however, elastic recoil detection experiments reveal regenerator. Laser emission and pulse generator are triggered by a
sidual nitrogen contents of about 10 pfrfthe layers were function generator. The signals are recorded by a fast digital oscil-
64 um thick with (100 texture. Optical micrographs of the loscope. The setup is controlled by a computer.
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optical transmission experiments is 900 chindicating that 30— ' . " T T .
most of the light is absorbed within about &in. For the Cr/Au-lIb-Diamond
charge collection and time-of-flight experiments pulsed elec-
tric fields Fq, of variable strength Ko,<2x10* V/cm) | s
have been applied is before the laser excitation in order to
establish homogeneous fields in the diamond layer betwee
front and back contact. The contact properties were evalu-
ated by transient photoconductivity experiments, which are .= 0 -9
closely related to the time-of-flight technique. The carriers e
are generated by a short laser pulse in and close to the deple- 4
tion layer region. To vary the width of the depletion layer, a o Ug=-34V
dc-bias voltage is applied.
Space-charge limitations of the current transients can be 2 ¢ I 3 > o o
ruled out due to the weak photoexcitation whedg,< 15 Yo
Qo- HereQq is the charge on the electrodes a@g, is the dc Voltage (V)
photogenerated charge ok80 ! C. The signals have been _ _ _ _ _
recorded with a fast digitizing sco@-GHz resolutioh us- FIG. 2. Charge coI_Iec’non experlments__ln Ilb dlamonfj with
ing 504) termination and averaging over 25 transients toCMAY contacts. To achieve flat-band conditioi$=0) a dc field
improve the signal-to-noise ratio. The samples were place8f —3:4V has to be applietashed line is for guiding the eye

in a cryostat where the temperature could be varied betwee@pe of band bending that is a depletion layer either for elec-
4 and 500 K. To measure the carbon-related=@.0029)  trons (n-type material or for holes p-type material.
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defect density, electron spin resonar&SR experiments Figures 2 and 3 show charge collection data measured at
have been performed on free-standing samples in a standagige Cr/Au-lIb-diamond and the Cr/Au-CVD-diamond inter-
X-band ESR spectrometer. face, respectively. In thp-type 1lb diamondQ is positive at
zero field, indicating a hole depletion layer, whileis nega-
1. Cr/Au-DIAMOND CONTACT PROPERTIES tive in the intrinsic CVD diamond, indicating an electron

. depletion layer. This result is confirmed by a variety of ex-
Contact effects arise from space charges that are presegiriments on different samples containing nitrogen up to 100
at the interface of_ two materials. The_space—charge layer e pm and demonstrates that the investigated CVD diamond is
tends over a fraction _of the sample thmkness, WhICh' depen n-type semiconductor. This conclusion is in contradiction
on the type and quallty of the_ mate_rlal. A Schottky junctionty gata of Mort, Machonkin, and Okumura, who propose
in an n-type semiconductor gives rise to an electron depley._type properties of intrinsic CVD diamond based on doping
tion layer and in g-type semiconductor to a hole depletion eyperiment$.Given the likely variability in preparation con-
layer, respectively. A variety of experiments can be appliedjjtions and the high defect densities, this contradiction can-

photoconductivity can be used to explore interface electronigyarq voltage reduces the built-in potential of the illuminated

properties’ The principle of these experiments is as follows. sontact. Flat-band conditions, whe@=0, are achieved at

The light pulse excites a numbbl, of mobile carriers near _3 4 and+11.3 V for IIb and CVD diamond, respectively.

the one electrode. As the carriers move in the electric field obe to the presence of Schottky contacts at the front and the

the depletion layer, there is a charge induced on the opposiigack electrode, relatively high voltages have to be applied

electrode of magnitude because most of the dc-bias voltage drops at the reverse bi-
ased back contact.

Q=N ei 1) The relaxation of the depletion layer due to an applied
d’ external field, which switches the Schottky contact towards
wherex is the average distance moved by the photogenerated 0 ‘ ' ' ‘ ‘ P
charges andl is the sample thickness. In practice, the pho- Ct/Au-CVD-Diamond o 7
tocurrent is the measured quantity and the collected charge 2t
Q is obtained by numerical integration. At zero bias the drift 8)
of carriers is due to the built-in field in the depletion layer. 2 . . 1
Application of an external dc field gives rise to an additional P o
field distributed mainly in the contact area of the Schottky Efb 6 .
barrier. The photocurrent in a nonuniform field is g g ] a
5 . Ugg=+113V
Jpr(t)=neuF(t), 2 0p . . ‘ , .
0 2 4 6 8 10 12
whereF(t) is the field experienced by the charge packet at dc Voltage (V)
timet after the excitation pulsey is the mobility of carriers,
andn is the density of carriers. Provided that battand u FIG. 3. Charge collection experiments in CVD diamond with

are independent of timej,, is directly proportional to Cr/Au contacts. To achieve flat-band conditio®=0) a dc field
F(t). From the sign of the curreritharge one obtains the of +11.3 V has to be applietashed line is for guiding the eye
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FIG. 4. Depletion layer relaxation in CVD diamond with Cr/Au Photon Energy (eV)

contacts after application of the flat-band voltagetdf1.3 V. The

full line is the calculated fit to the data. FIG. 6. Absorption coefficient in arbitrary units of CVD dia-

mond with different nitrogen content, measured by constant photo-
flat-band conditions, is explored by recording the charge as gurrent experimentdCPM) from Ref. 10. The defect band at
function of the delay time between applied fiels=0) and hv_>4.8 eV is identified to rule the depletion layer relaxation ex-
the exposure of the contact to a light pulse at timEigure ~ Perment.
4 shows the result obtained &= 300 K on the Cr/Au-CVD-
diamond interface, applyingt 11.3 V att=_0. The relaxation
of the depletion layer towards flat-band conditions proceed
via an exponential time dependence with a time constant
approximately equal to 500 msee the fit in Fig. 1 The

detected defect distribution measured by constant photocur-
tent experiments on CVD-diamond films with different ni-
trogen contents (10 ppsN/C=<100 ppm), which is shown
in Fig. 6./ We assume that optical transitions are from de-
: éects into the conduction band, which is expected for an
n-type semiconductor, so thhvw is the energy relative to the
conduction band. Taking into account the indirect optical gap
v(Ep) =1, 3 E, of diamond of 5.5 eV and the onset of the broad defect
. .. absorption band at about 4.8 eV, we calculate a 0.7-eV gap
wherev(Ey) is the attempt-to-escape frequency of carriers iy, e yalence band, which is in reasonable agreement with
traps at energfr, given by the presented data of 0.67 eV determined by the thermal
relaxation experiment. We assume therefore that the deple-
tion relaxation is dominated by hole emission from the defect
band detected div=4.8 eV below the conduction band by
optical experiments.

by applying the usual detailed balance arguments

v(ET)=wvg exp

Er
- ﬁ) : 4
with v, about 182 s 1. Inserting Eq.(4) into Eq. (3) gives
ET: kT In (VoT). (5)

For kT=25meV andr=500 ms the trap leveEy is about  gjgre 7 shows typical time-of-flightTOF) transients
670 meV deep in the band gap. The equilibration process ig,easyred at 300 K in the Iib-diamond film with Cr/Au con-
dominated by hole emission, as schematically described ip, s During the laser exposuf00 ps the photosignal in-

Fig. 5, and the trap level therefore should be about 670 meéVY, o556 towards a maximum and decays after illumination
above the valence band. This position agrees well with the

IV. BULK ELECTRONIC PROPERTIES
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FIG. 5. Schematic view of an electron depletion layer that is
switched into the forward direction towards the flat-band case. Be- FIG. 7. Electron and hole time-of-flight signals measured in llb
fore electrons can enter the depletion layer, the holes have to b#iamond at 300 K and & =800 V/cm. Also shown is the laser
emitted to vary the depletion layer width. excitation duration'shade area
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FIG. 8. Transit timet; versus applied voltage of electrons and ~ FIG. 10. Transient current decays measuredl &t300 K in
holes in Ilb diamond al =300 K (d=0.5 mm). The dashed lines CVD diamond at different electric fields.
represent a fit of Eq(6) to the data that gives mobilities of holes
and electrons of 560 and 410 & s, respectively.

electron mobility is 410 cAiVs and the hole mobility is
560 cnt/V's in llb diamond, independent of the applied field

within 2. hs by a factor 4-5. This de_cay IS dpe(t))carner and in reasonable agreement with the data available in the
separation because one type of carrier is rapidly extracted vi erature®®

the front contact, dependent on the polarity of the applie In the case ofu7F <d, carriers are trapped before transit

field, and(ii) the inhomogeneous electric field in the vicinity :
of the top contact. The other type of carrier drifts through the?nneda;:(:gg eﬁ;:dvljﬁtercea?h g ecc?ll\gzl':leao}egh % ;??;ggbglri?on
bulk of the diamond. For the cagerF>d, wherer is the by numerical integration of the current

deep-trapping live time, the current is approximately con-
stant during the charge trangin Fig. 7 the time regime
2x10 9 s<t<2x10 8 s). The arrival of the carriers at the
back contact causes a final current decay where the 50% t—o

decay relative to the preceding plateau defines the transit Q(F):fo I(t)dt. )
time ty of the center of charge. The mobility can be calcu-

lated by
Charge collection data measured in Illb diamond at

T=300 K are shown in Fig. 9. Note that the charge at zero
d? external field is+1.5x10 ! C, which is due to the dis-
n= tT_U (6) placement of carriers in the built-in field of the depletion
layer at the Cr/Au-lib-diamond interfacgsee above The
whereU is the applied voltage. In Fig. 8 we have plotted n 7 product is deduced from a fit of the Hecht equation
d?/t7 versusU, which increases linearly with increasing ap-
plied voltage for both electrons and holes. ¢ 300 K, the

. r . . . F)/ unF 1 d ®
i 1 =—11—exp| —
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FIG. 9. Charge collection data for electrons and holes in llb 10 10 10 10 10
diamond measured dt=300 K. From a fit of the Hecht equation Time (s)
[Eqg. (8), full lines] to the data we deducer products of approxi-
mately 104 cn?/V and a saturation charge collection ¢5—7) FIG. 11. Field-dependent photocurrents measured in CVD dia-

X101 pC for electrons ¢) and holes k). mond at 300 K.
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. ' . . - T transit so that the Schubwew is much smaller than
1.6}  CVD-Diamond 1 d (w=pu7F<d). In this case the Hecht equati¢fqg. (3)]
reduces to
1.2
)
RS -
& 08 ; Qs/Qo=w/d, ©)
0.44 ] which results in a Schubwegy of 0.6—1um. Taking into
account the applied electric field approximately equal to
00 , , , , , . 10* V/cm gives w7 products smaller thani@ cn?/vV,
"o 2 4 6 8 10 12 14 which indicates a high defect density. A variety of spectro-

scopic experiments show that CVD diamond contains pre-
dominantly intrinsic or nitrogen-related defeéts. Their in-

FIG. 12. Charge collection data measured in CVD diamond alteractions with electrons anq holes are up to now not very
T=2300 K. The charge collected at the highest applied field is 70—We” understood; hpwever, It Is reqsonable Fo assume that
100 times smaller than in CVD diamond. these centers dominate the electronic properties of CVD dia-
mond. For example, we have measured the carbon-related
defect density by electron spin resonance experiments to
about 108 cm™3 (g=2.0029), which can easily explain the
small Schubweg detected by charge collection experiments.

Field ( 1000 V/em )

to the datd® For both electrons and holes one obtains
(1-2)x 10" cn?/V. Taking into account the mobilities, the

deep trapping lifetimer of electrons and holes is about

(2-3)x10 ' s.

Typical TOF transients measured in an intrinsic CVD- V. SUMMARY
diamond film atT=300 K are shown in Fig. 1@current S .
amplitudes. We detect a similar time dependence as in Ilb The measured eleCtr.On and hole mOb.'“t'.eS In Il diamond
diamond; however, the field dependence is different. AftePf 410 and 560 cA1V s fit into the broad distribution of data

i ' ilable in the literature, ranging from 500 to
the maximum at 500 ps the amplitude drops rapi@iyg by ~ &V _ .
a factor 10, passing over to a shoulder with minor substruc_zooo cni/V s. The details of this spread have been unclear

tures and to a final decay for times greater than’1§. Re- up to now, but are most likely related to differences in ma-
versing the applied electric field results in a reversion of theterlal properties. Due to the difficulties that arise by applying

current, but the characteristics of the time-dependent decﬂ:ndard Hall gxperiments on insulgting semiconductors Sl.JCh
remain nearly unchanged. Even at zero field, the decay is n dlam_ond f_|Ims, the TOF experiments are an alternative
significantly different. This points toward a trapping and re-Way 10 investigate transport properties and to correlate the
combination dominated current decay. The field—dependerﬂa"a with |mp_ur|ty den;mes for.example.

data shown in Fig. 11 support this argument. The amplitud%. Trf';msport n C\./D d'am‘”.‘d IS do.mmate.d by f"’.‘St recom-
increases linearly withe, but no transit of carriers can be ination and trapping of carriers, which limits applications as

detected. Carriers are deeplv trapped or recombine befo ensitive photodetectors or particle detectors, where the
transit ply trapp chubweg has to be large. The data show that-&ype band

After the initial decay at<10 ° s a plateau emerges in bending at the Cr/Au-CVD-diamond interface is present,
the time regime X 10~ ° s<t<10 8 s, indicating a tempo- showing th_at in our case intrinsic CVD diamond is an
rary thermal equilibrium between carriers in a shallow trapp-type.semlconQUctor. Future work must be done to f".qd out
level and in the conduction ban@Ve refer to the conduction if this is a special or general property. The Schubwegs
band because the presented data indicatgpe material shorter than Lum due 1o the smalk.r products..A shallow
where electrons dominate the transport propejtieke en- trap level located 190 meV below the conduction-band edge

ergy level in the band gap of diamond can be calculate@nd a deep defect/trap 670 meV above the valence band-edge
based on the detailed balance equation given by (Bq. are detected. These results, measured in state-of-the-art

Taking into account the time needed to establish a quasiequ?-:\/l:)'on"’lrnond films With rglatively little nitr(_)gen incarpo-

librium less than or equal tox210° s (see Figs. 10 and 11 rated(less than 10 ppiaindicate that further Improvements

and assumingp=102s * gives E,— E;=<190 meV. This in electronic quality are needed to upgrade CVD diamond for
0= c T ' active electronic applications. Especially, the reduction of

is a shallow trap level, which up to now has not been de : : .
tected in diamond by other experiments. the defect density towards semiconductor standards will be
especially a challenge for the near future.

A plot of the charge collection da@(F), shown in Fig.
12, reveals thaQ(F) varies only weakly with increasing
electric field. The saturation valu®, is 6x10 '3 C for a
positive and 1.4% 10 ' C for a negative electric field. This
is about 70—-100 times smaller than the charge collected in
llb diamond,Qo=7x 10! C. Note that the absorption co-  The project has been supported by the Bundesministerium
efficients ath =215 nm of Ilb and CVD diamond are com- fur Bildung und Forschung of Germany under Contract No.
parable. Carriers get deeply trapped or recombine beforaN1001G4.
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