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Cathodoluminescence of silicon in the visibleultraviolet region
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Here we report cathodoluminescen@@l) spectra of single-crystal silicon over the wavelength interval
250-600 nm. We verify the existence of luminescence from Si in the visible—ultraviolet region with improved
experimental conditions. The most prominent features of the CL spectra are the two peaks at 310 and 390 nm.
These are intrinsic to Si, and have been assigned to proper optical transitions between the valence and
conduction bands. The correlation with the absorption structure is good, and a comparison of Si CL and
absorption spectra reveals that the emission spectrum shif2 eV toward lower energy relative to the
absorption spectrum. These emissions are insensitive to dopad®®-cm 2 phosphorus donors or boron
acceptorsand crystallographic orientation. Bombardment with electrons decreases the intensity of the emis-
sions.[S0163-18208)06119-0

[. INTRODUCTION edge is slow, because of the low luminescence efficiency.
Fortunately, the intensity of the luminescence produced by
The luminescence of semiconductors has been explored &lectron excitation is normally considerably greater than that
many papers; €in which most of the attention is given to the induced by ultraviolet light, and weak luminescence can be
fundamental edge. These studies render information abowmheasured with extremely efficient light detection techniques,
free carriers lattice vibrations™* electron-phonon like photon counting. An account of cathodoluminescence
interactions~’ band-to-impurity-level transitions, and the (CL) studies of Ge in the visible region has appeared in the
decay of a free or bound excit8ii? In the wide energy literature®®
region above the absorption edge up to the vacuum- We have also reported on the emission spectra from Si
ultraviolet region, semiconductors strongly absorb photonsand Ge by electron impact in a wider spectral range, i.e., the
mainly due to direct-interband transitions. Thus the opticaVvisible—ultraviolet regiorf*#It is of interest to note that the
spectrum in that energy region is helpful in understandingspectrum peaks of Si occur in the region where the extinction
the energy-band structure. In the past, almost all informatioioefficient decreases steepfyHowever, at the same time,
concerning the energy-band structure of semiconductors wabe optical yield produced by fast electrons fron™%r g
obtained by optical-absorption studies and theoreticabource was much lower. For obtaining good statistics about
calculations™*? For the short-wave side of the absorptionthe data, optical filters and a photomultiplier combination
edge, the value of the absorption coefficient rises rapiti}, were used as a photodetector to resolve the spectral shape.
and it is difficult to measure the absorption spectrum di-But the resolution of the optical filters is loWbandwidth
rectly. Then the absorbing properties of semiconductors arec10 nm), so it was impossible to determine peak positions
determined from the reflectivity’ '8 photoemissiolk 2!  accurately. In addition, the Si sample was placed in the air
spectra, and Kramers-Kronig relations. In contrast to the reduring measurements. The spectrum of Si was affected to
flectivity spectrum, the optical-absorption spectrum is a desome extent by luminescence from the native oxide on Si,
rived, not a measured, quantity. Also, the results obtained bthe molecules excited in air, bremsstrahlung produced by fast
Kramers-Kronig analysis of reflectance measurements ofteelectrons, and atmosphere contamination effects.
show effects due to improper extrapolations. Photoemission In the present work, an apparatus was designed specifi-
spectroscopy is a very sophisticated technique, but the reseally for an accurate determination of the emission spectrum
lution of the photoemission spectrometer is usually.2 eV,  from Si in the visible—ultraviolet region, and much improve-
which is rather lower than the optical measurement. Hencenent has been made in the experimental conditions. In order
as compared with reflectivity and photoemission, opticalto obtain high-quality CL spectra from Si, single-crystal Si
emission measurement can provide information about transivafers, cleaned to remove native oxides, were mounted in a
tions not only directly, but also more accurately and convevacuum chamber, and excited with a collimated low-energy
niently. Thus it is a powerful method to study the energy(<10 KeV) electron beam, the energy of which is much
levels, electron and hole state distribution functions, and unlower than that of the fast electroriMeV) from a °°Sr 8
occupied electronic staté$However, progress in studies of source. In this case, CL spectra for Si did not suffer from the
the luminescence of semiconductors above the fundamentaffects of air and bremsstrahlung. The effect of the native
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FIG. 1. Schematic drawing of the apparatus used to obtain the © 80 i
cathodoluminescence spectra of Si and Sins.
oxide was also decreased. The weak luminescence of Si was 70 . . , ,
recorded with a suitable spectrophotometer for better resolu- 300 350 400 450 500
tion and an efficient photodetector. The goals of this paper Wavelength (nm)
are to verify further the existence of the luminescence for Si
above the absorption edgepproximately 1.1um) under FIG. 2. Cathodoluminescence spectra of-Nand P -type Si

improved conditions, to determine the positions of peaks acbomtiarded with a 4-keV, 0.0BA electron beam(a) N™-type Si;
curately, and then to compare them with optical structures ifP) P -type Si.
the literature, and attempt to attribute some emission peaks
to particular direct-interband transitions. N*-type (100, and a SiQ film, 500 nm thick, grown ther-
mally on a 3—10€) cm N-type silicon substrate. The moder-
ately doped Si samples, whose resistances are low, were cho-
Il. EXPERIMENT sen to reduce the obstruction of the space charge which sets

The apparatus used to obtained the cathodoluminescenlilits to the attainable electron currents. By covering the
spectra is shown schematically in Fig. 1. The vacuum system?'©O2 film with a copper net, one can recover the charge
consists of an oil diffusion pump and a mechanicall®@ked from it. Three samples, apprommatelyx]]]S_mmz
forepump. The base pressure of the vacuum chamber is @1d about 1 mm thick, could be mounted at a time. The
X 1078 Torr. A liquid-nitrogen trap was used to reduce oil samples were placed off axis to prevent light from the fila-
vapor from the diffusion pump. In this way, carbon contami-ment from be_lr)g reflected into the m_qnochromator. Since the
nation on the sample due to the electron beam was reducegIface condition of the Si is the critical part of the CL ex-
The electron gun was operated in the grounded anode coR€fiment, special care was taken in the preparation of the
figuration. The radiation power of the electron beam was@MmPple surfaces. Before the samples were mounted in the
carefully selected. On the one hand, the power should bBolder, they were first optically polished and etched in HF
large in order to keep the emission intensity at reasonableg>40% concentrationfor 10 min for Si, 2 s for SiQ, im-
levels in comparison to the system noise; on the other handnediately followed by washing in ethyl alcohol and deion-
low power is required to minimize the radiation-induced 2€d water followed by hot air drying. Samples were subse-
damage. Usually a beam current between 0.03 ang.@.4t ~ duently handled with clean tweezers. This cleaning
3-10 kV was used. The beam could be deflected verticallf?rocedure should remove the native oxide on Si completely
and horizontally using a pair of deflection coils, and was@nd produces 2g;faces of Si and $ifdim with minimum
slightly defocused. The sample was impacted by the broagontam|nat|o_n§.' After etching, the silicon wafers were
beam, so that a luminous spot of approximately 3 mm inexposgd tq air for a minimum of tm(e<5.m|n) necessary for _
diameter was generated on the sample. The light spot thJgounting in the vacuum chamber. This procedure gives Si
produced was focused through a quartz collective lens ontith native oxide surface layers of less than 1 nm ek
the entrance slit of a monochromator. A XP2020Q photo-
multiplier tube (PMT), operated in the single photon-
counting mode, detected the radiation at the exit of the
monochromator. After amplification, the PMT signal was fed Figure 2 shows CL spectra for two different kinds of
into a counting device. During measurements, the beam cusingle-crystal silicon, P type and N type, uncorrected for
rent was held constant. All measurements for this experimerthe system response. The bombarding electron-beam voltage
were carried out in a dark room, the temperature of whichis 4 keV, and the beam current is 0.p2\. It is clear from
was maintained at 14 °C. The resolution of the entire opticaFig. 2 that the emission spectral shape of theand p-type
system is 2 nm in the wavelength range 250—-600 nm. samples are similar. There are four peaks, labgled ~310

The samples used in this study are two different kinds olhhm, B at ~390 nm,C at ~420 nm, andD at ~460 nm. In
single-crystal silicon, 0.0% cm P"-type(111), 0.0132cm  both Si samples, we have also measured the dependence of

Ill. RESULTS AND DISCUSSION
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behavior is similar to the time dependence of the intensity of
peakC depicted in Fig. 3. Their results are the same as ours.

©
o

Normalized peak intensity
o

[0)]
o

30t () —b— 420nm C 1 Therefore, we conclude that the oil vapor from the diffusion
n"-typesi QT 20Mm D pump is responsible for th@ peak at 420 nm. Our measured
0 4Kev, 0.05 A —e— 3101 A . ‘ CL spectrum of Si@ film shows two peakgseeing Fig. 4
0 5 10 15 20 25 one located at 290 nm and 450 nm, labdiedndF, respec-
Irradiation time (min) tively. The main features are similar to those previously

published®?~3* The origin of the splitting of the 450-nm

FIG. 3. Dependence of the peak intensity as a function of irra-band is currently unknown. This splitting has been noted
diation time for N"-type Si and P-type Si:(a) intensity vs time for  previously by Skuj&® A comparison of Figs. 2 and 4 shows
N"-type Si; (b) intensity vs time for P-type Si. that the agreement in wavelength position of pelakandF

is good. There are arguments about the origin of the peak

the CL intensity on time. The normalized peak intensities ag=,**~2° which may be a trivalent Si, a twofold-coordinated
a function of irradiation time are summarized in Fig. 3. It is Si, self-trapped exciton, or something else, but the time-
evident that peaké andB are substantially decreased by the dependence measurements of the Iluminescence are
electron irradiation, an€ and D peaks appear to be little similar*3>and similar to that found for the Si samples of
affected by the irradiation. To gain some insight into theFig. 3: theD peak intensity does not decrease from the irra-
effect of thin native oxide surface layers with thickness  diation. These suggest that pedBsand F are related to a
nm, it is necessary to make a comparison between the Ccommon emission observed in SiO.e., peakD is an in-
spectra from Si and that from thermally grown $iéh Si. In  trinsic emission of the native oxide surface layer on Si. The
Fig. 4, we show the result of a Sjdilm. In order to extract difference observed between the intensity of ppa&nd that
the intrinsic luminescence features, it is necessary to separaté peakF results from the fact that the thickness of the SiO
the extrinsic features of the Si spectrum. film is considerably larger than that of the native oxide on Si.

The observed emissions can be caused by several sourcéditchell* et al. showed that the CL intensity of this emis-
the single-crystal Si itself, dopants in silicon, a native oxidesion decreases with oxide thickness. The discrepancy in the
surface layer on Si, and oil vapor from the diffusion pump.exact peak position is due to differences in the samples. Al-
The Si samples are differentiated by dopant type and cryshough theF peak is common to all types of SjQits peak
tallographic orientation. But a comparison of Figéa)2zand  position, which is correlated with the manufacturing pro-
2(b) reveals a close similarity between the two emissioncesses of samples, may vary from 440 to 470%Rft:>>—3
spectra. This observation shows that dopant type and crystdrrom the above discussion, it is apparent that the other
lographic orientation have little or no influence on the emis-sources, except Si itself, do not produdeand B peaks.
sion spectra. That is to say the four peaks observed are n&eferring to Fig. 3, the difference of the time dependence of
related to dopant type and crystallographic orientation. Orintensity between peaksA(B) and peaks €,D) also sug-
the other hand, when no liquid nitrogen trap was used, th@ests that origin of th€ andD peaks are different from that
CL C peak intensity at 420 nm increased, so that flgakas  of the A andB peaks. On the basis of the evidence discussed
unresolved and peak could not be determined. This obser- above, we undoubtedly conclude that the peakendB are
vation indicates that pedR is associated with oil vapor from intrinsic to single-crystal silicon. The decrease of peaks
a diffusion pump. As shown in Fig. 3, the intensity of tBe andB arises from radiation damage. The two peaks are new
peak does not fall with electron irradiation. Studies done byvisible UV emission of Si, and their positions are determined
others® showed that(1) oil vapor from a diffusion pump accurately.
forms carbon contamination at the surface of the samples as Experimental and theoretical investigations of reflectivity
a result of electron bombardment, and such carbon contamand photoemission spectra have revealed some direct-
nation exhibits a CL emission peak at 415 nf®) because interband transitions which produce an obvious optical struc-
this peak is related to implanted carbon rather than structurdlire, and their identifications, including the location in the
changes induced by the electron irradiation, the intensity oBrillouin zone, energyeV), and symmetry for Sit-41 But,
the peak saturates from the beginning of the irradiation. Thisor two reasons, we cannot make pe#kandB correspond
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FIG. 6. Band structure of Si with competing direct electron tran-
0Ly . . , ; : sitions indicated at symmetry points and 2, alongE(k) ranges
250 300 350 400 450 with parallel bands and comparatively high joint densities of states
Wavelength (nm) (3, 4, and 5, transitions from higher conduction bant& and 7,

and transitions into the light-hole valence bagil
FIG. 5. Comparison ofa) absorption of Ref. 44 an¢b) our CL

spectra for Si. The CL spectrum is Sh'ftew'z.e.v to higher energy slightly by ~0.2 eV, the resulting positions of two CL peaks
relative to the experimental one, thus facilitating spectral shapé . . .
comparison. Wou_lql be in accord with those & and_Ez, rgspectlvely. In

addition, as can be seen by comparing Figs) and 5b),
to the special interband transitions previously reported in théhe spectral shapes of CL ang are similar in the 250—
literature only according to transition energies—peak ener400-nm spectral range. Therefore, we can consider Ehat
gies. The first reason is that there exist peak shifts betweesnd pealB, andE, and pealA, arise from same transitions,
absorption and emission spectra. The second is that considespectively. The evidence for this reasoning is reinforced by
erable uncertainty remains in the intrinsic values of the inthe following explanations. As Kirchhoff's law stat&'sthere
terband transitions of Si in the visible—ultraviolet spectralis a general relationship between the radiation from a body in
range®®~*® As an example, for a transition such as thata small spectral interval and the absorption of the body in the
Ls-L,, the following energy differences have been re-same interval. The reciprocals of all the absorption processes
ported: 3.25 eV by reflectivity measureméft3.7 eV by lead to emission; for example, the excitation spectrum of
photoemissio® 3.4 eV by reflectivity* and photoluminescence. The fact that the CL peaks are about 0.2
electroreflectanc# and 2.56 and 3.49 eV by calculatidh® eV below the corresponding absorption peaks is characteris-
All differences in the reported transition energy result fromtic of a redshift. That is, the emission shift to the long-
the use of different measurement techniques and analysigavelength side of the absorption band. The redshift phe-
especially the temperature dependence of the optical absorpemenon is a general characteristic of condensed nratr.
tion. To compare the optical properties with the band strucThe most typical cause of such a shift is interbdnand
ture, one must express the transitions in terms of the compleimtrabancrl8 energy transfer, and the self-absorption of the
dielectric constant =, +ie,. £,=2nk (n is the refraction light  emissior®  Reflective —and  photoemissive
andk the extinction coefficientis the fundamental optical studies®**®°*~®2have established the identity of the transi-
parameter, which is proportional to the optical absorptiontions giving rise toE; andE, structuresE; stands for elec-
Under present experimental conditions, we have obtained $ionic transitions across nearly parallel bandd. atr along
CL spectra which are sufficiently precise for direct compari-the A (LI") direction andE, for transitions in a large neigh-
son to e, spectra recorded from high-precision scanningborhood of theX point in the Brillouin zone. The modulated
ellipsometry*>#41t is interesting to note that both CL spectra reflectivity!’“%3®4study gives same assignment oy, but
and thee, spectrum, also known as the optical-absorptionreveals that the contributions #®, are associated with the
spectrum, of Si show two prominent pedleee Fig. 5a)].  transitions not only aroun¥ but also along®. This shows
The two peaks in the, spectrunf® labeledE; andE, are a  that peaksA and B are due to emission from the parallel
general feature of IV, lll-V, II-VI semiconducto€:*® The  bands atL(Ls —L,) or along A(Az—A;), aroundX(X,
E, andE, features move monotonically to lower energies as— X;) and alongs (3,—23), respectively.
the temperature is increas&tso that here we are concerned  Further support for the assignment comes from the theo-
only with theE; andE, values at room temperature, in order retical analysis. Most intrinsic transitions are direct transi-
to compare them with our room-temperature CL spectra. Nutions, which can proceed from any pointkrspace with the
merous room-temperature measuremérfis***%have re-  appropriate photon enef§? (referring to Fig. 6, so a gen-
portedE;~3.4 eV, andE,~4.25eV. As shown in Fig. 2, eral smooth emission spectrum occurs. According to Fermi’s
the CL peaks occur at 4.0 ejpeakA, 310 nm and 3.2 eV  golden rule, the luminescence intensity is proportional to the
(peak B, 390 nnj. If we were to increase the CL peaks square of transition matrix elements and the joint density of
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states>%% Because the matrix element varies little within with that mentioned above. For clarity, the transitions asso-
the Brillouin zone®™® it can be neglected in a qualitative ciated with peaksA and B are shown in Fig. 6. They are
analysis of the peak placemeR® This means that the labeled according to the standard convention. The assign-
emission spectrum peaks around the ranges where the jointent, however, may be tentative because it depends largely
density of states has a maximum. These rangds(k) are  on the results of the existing energy band-structure
called critical pointgVan Hove singularitiesof a joint den-  calculation®’~"* It is hoped that our CL data will stimulate
sity of states, where both bands involved in the transition ruimore accurate model calculations, which can provide insight
parallel to each other for an extendedange. Critical points  into these spectra.
appear at or near high-symmetry points and along the sym-

metry axis of the Brullouin zone. Only two sets of critical

points—the first alL and alongA, the second along thE

andA axes near th& point—should be considered, because The present work has obtained demonstrably accurate CL
the critical points of these symmetry points may contribute taspectra from Si in the visible—ultraviolet region, then deter-
the E; and E, structures, respectively, as a result of themined the peak positions accurately. A high correlation be-
energy-band-structure calculatiofs’* Based on theoretical tween CL and, spectra reveals that the CL is the reciprocal
and experimental studies, various authir&:163647273  of the light absorption Also, the CL spectrum of Si is red-
have suggested that the first set of critical points afdl gbr  shifted by about 0.2 eV against its absorption spectrum. Peak
M, singularity, the secon¥l; or M,. We think these criti- B near 390 nm, corresponding to tiig structure ine,,

cal point features will appear in the experimental CL spectraarises from the transitions htor along theA direction. Peak
they are simply peak#\ and B. Although other critical A near 310 nm, which correlates well with tlg structure

IV. CONCLUSIONS

points may be possible, they are not practical as compareaf ¢,, is due to transitions around and along3..
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