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Transient decay of satellite lines of bound excitons in Si:P

A. T. Hunter, S. A. Lyon, ' D. L. Smith, and T. C. McGill
California lristitute of Technology, Pasadena, California 91125

(Received 29 January 1979)

The transient decay of the a and P series of lines in the photoluminescence spectrum of Si:P

are reported, The decays of the n lines are compared with the decays of the P lines. The
results are consistent with J82 having the, same initial state as o3. The results for p& and p3 are

less certain. Their decays are consistent with P~ having the same initial state as either a2 or n3,
and with p3 having the same initial states as a4. Overlap between lines, uncertainty in the decay

of the boron bound exciton and the presence of unidentified background all make it difficult to

make conclusive line assignments.
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FIG. 1. Photoluminescence spectrum of Si:P. The upper
spectrum covers the no'-phonon replica energy range. The
lower curve covers the transverse- and longitudinal-optical-
phonon replica energy range.

The satellite lines near the bound-exciton lumines-
cence in doped Si have been the subject of rather ex-
tensive experimental' ' and theoretical investiga-
tion. " ' " For the donors, "' a set of lines are ob-
served in both the no-phonon and phonon-assisted
transitions (labeled the n series'8) and an additional
set of lines (labeled the p series's) are observed in

the phonon-assisted transitions. These lines are
shown in Fig. 1. Both the a and p series have been
interpreted in terms of a shell model in which elec-
trons fill the original valley-orbit split levels of the
donor. ' ' The a series of lines are assumed to result
from recombination of an electron from the I ~ shell
with a hole. " The p series are interpreted as due
to the recombination of an electron in the I 3 5 shell
with a hole and, hence, are ground state to ground

state transitions. This interpretation has had some
successes in explaining the spectroscopic data. '

However, the systematics of the splitting of these
lines for different donors is not what is qualitatively
expected. "Further, recent stress data show that two
of the p series (p~ and pq) split into more lines than
expected on the basis of the shell model. '

In the shell model the a„ line (we use the notation
given in Ref. 7) should have the same initial state as
the p„ t line and both should involve the binding of
n excitons. This prediction can be tested by examin-
ing the decay characteristics since lines with the same
initial state should exhibit identical decays. Sauer,
et al. 9 have attempted to test this hypothesis by
measuring the decay in the transverse-optical (TO)
phonon-assisted transitions. They find that the de-
cays of the a3 and p2 differ as do the a4 and p3.
Hence, they conclude that the shell model interpreta-
tion is invalid. As shown in the upper spectrum in

Fig. 1, the lines in the no-phonon spectra are sharp
and distinct with little background, making possible
an accurate measurement of the decay of a given
line. Ho~ever, as pointed out by Thewalt, ' there are
more lines in the transverse-optical phonon-assisted
transition (see lower spectrum in Fig. I), the lines
are broader, and the lines may be superimposed on a
background. Hence, the determination of the decay
characteristics using the TO phonon-assisted transi-
tions may have been confused by the overlap of lines
and background with different decay characteristics.

To attempt to determine which lines have the same
initial states, we have made transient measurements
on lightly doped Si:P samples and analyzed the data
taking account of the overlap of lines. The data were
recorded to more accuracy at longer times than in
Ref. 9. The decay of the ~~, o'2, ~3, and a4 lines
were measured in the no-phonon (NP) replica. The
decays of P~, P2, and P3 were measured in the TO-
phonon replica since they do not occur in the no-
phonon region. The decay of the P lines was com-
pared with various combinations of the decays of the
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a lines as observed in the NP transition to assess
which lines could have the same initial states.

This paper is organized in the following way: Sec-
tion II describes the experimental setup and the steps
taken to insure proper treatment of the dark count
and response of the photon counting equipment.
The experimental results are presented in Sec, III.
Section IV includes the results from fitting the decay
of the p lines to various combinations of the n lines
and our conclusions based on the quality of the vari-
ous fits.

II. EXPERIM ENT

The transient measurements were made on a 2

mm thick wafer of high-purity Waker silicon,
transmutation doped with phosphorous to the
1.5 && 10'4 cm level. Hall measurements indicated

N& —ND was -2 X10" cm ' before doping.
Luminescence measurements on the undoped sample
did not show a detectable phosphorous line, but did

show some boron bound-exciton (BE) lumines-
cence. ' The relationship between BE luminescence
intensity and concentration' indicated the sample
was not closely compensated and, therefore, very low

in boron. The low boron content allowed a low

boron to phosphorus ratio in the final, doped sample,
while still maintaining a low enough phosphorus con-
tent to avoid concentration broadening. The pres-
ence of boron was undesirable because the boron BE
line overlaps the phosphorous p~ line.

The system used to generate and detect the
luminescence signal was fairly straightforward, and
will be described briefly. The sample and an RCA
GaAs diode laser, used to pump the sample, were
immersed in liquid He at 4.2'K in a Janis research
Dewar. The laser light (centered at 8500 A) was

directed onto the center of a polished and etched sur-
face of the sample, with a spot size of about 1 mm'.
The peak excitation power density was varied
between -8 W cm and -70 W cm by adjusting
the amplitude of the current pulse driving the laser.
Current pulses were of 0.5 p, sec duration 5 p, sec
apart. The luminescence from the edge of the sam-

ple was focused onto the aperture of a SPEX 1269
spectrometer. This sample geometry (pumping the
flat surface of the wafer, and pointing the edge to-
ward the spectrometer) was chosen because it max-
imized the signal. The resolution of the spectrometer0
was 3.5 A with the slit width and grating used for the
experiment. A visible light filter placed in front of
the aperture reduced stray light from the laser and
the instrument-rack lamps. A liquid-nitrogen-cooled
photomultiplier tube (PMT) detected the lumines-
cence passing through the spectrometer. Finally, the
output of the FMT was fed into an amplifier discrimi-
nator.

The luminescence signal leaving the amplifier
discriminator was further processed by a system that
measured and stored the time with respect to the
laser pulse that the signal arrived. The timing was
carried out with a time-to-amplitude converter
(TAC); the results were stored in a multichannel
analyzer (MCA). Additional electronics prevented
the MCA from processing the TAC output if two or
more photons were detected during the timing inter-
val associated with a given laser pulse. The system
could measure the time of arrival of only the first of
the photons, and storing its time while ignoring that
of the second photon would bias the data.

The response of the PMT was an important factor
in the experiment, and deserves further discussion.
The two nonideal features of the tube that affected
our results were dark count and afterpulsing. The
dark count gave a uniform (in time) background of
approximately 6 counts/sec to all the data. After-
pulsing of the PMT was also a source of background
in the transient measurements, but was not uniform
in time. However, the nonuniformity proved to be
negligible in this experiment. The transient curves
stored on the MCA showed background both before
the laser went on and after luminescence died away.
Background was calculated by averaging over 50
channels (-350 nsec) in each of the regions. The
two numbers agreed to within statistical error except
for long-lived lines where the luminescence did not
die away fast enough. Therefore, the PMT response
was "deconvolved" from the signal merely by sub-
tracting the average background from each channel of
the MCA.

III. EXPERIMENTAL DATA

Using the system described above, various tran-
sients were measured, The lines measured in this
way include the NP a series, the TO phonon P~, P2,
and P3. Pump power dependences of several lines
were also investigated. Figure 2 illustrates two fac-
tors that determine, in part, the resolution and accu-
racy of the measurements. The first is the laser de-
cay, which is quite fast in comparison to the lumines-
cence decays. The second is the scatter in the data
points. The size of the error bars (shown for several
points) primarily reflects statistical uncertainty in the
counts per channel before subtracting dark courit and
afterpulsing. The subtraction does not add much to
the absolute uncertainty; it only increases the relative
uncertainty,

Decays of o, ~ 4, each at the same pump power, are
shown in Fig. 2 ~ The curves are exponential except
in the earlier region, just after the laser shuts off.
Decay times, derived from the later exponential parts
of the curve, are 245 nsec for n~, 134 nsec for a2, 95
nsec for n3, and 85 nsec for u4. The error bars are
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FIG. 2, Logarithm to base ten of the transient decay of the a~, 0.~, e3, and a4 lines in the no-phonon replica. The points are
the experimental data. . The solid lines are straight-line fits to the decays at long times. The decay times given are obtained by
converting the slopes of these lines to base e. The solid line labeled GaAs laser is the experimental decay for the laser used in
the experiments.

+10 nsec for the a~ time, and +5 for the other three.
cx5 and n6 show similar decays, except the curves
break to slower decays at long times. The break is

probably due to the presence of low intensity, long-
lived background lines, which show up in the e5 and

n6 decays because both these lines are themselves
low in intensity.

The rounding seen in all the n lines at early times
increases with pump power, as illustrated for n3 in

Fig. 3. The decays all become exponential eventual-

ly, with the same lifetime, but for the highest pump
power the curve does not become straight until over
600 nsec after the laser has shut off. This initial
rounding would lengthen "decay times" derived by fit-
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FIG. 3. Logarithm to the base ten of the transient decay of the a3 line in the no-phonon transition for a number of different
laser pump power densities, The straight lines all have a slope appropriate to a 95-nsec exponential decay time.
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ting an exponential decay to earlier segments of the
curves, and may explain why our results differ from
the decay times quoted by Sauer.

Figures 4, 5, and 6 show the decays for P~, P2, and

P3, respectively. In each figure, the points show the
log of the number of counts/channel versus channel
number (or time). Only one out of every three data
points is plotted, to make the lines plotted on the fig-
ure visible. (All the data collected was used for the
analysis, however. ) The lines are "fits" made by ad-

ding other transient curves together, which will be
discussed later. The lines are offset, and data
repeated, to make comparison of the various fits
easier.

The decay curve for i3~ (Fig. 4) shows three dif-
ferent regions. The first, just after the laser shuts off
at t =0, shows a rounding discussed earlier. The
fairly straight region from about 300 to 600 nsec de-
cays somewhat faster than that of the phosphorous
bound exciton, clearly indicating that the P~ line,
without the n~ and other lines underneath it, has a
decay time faster than 245 nsec. The last segment of
the curve shows a definite break to a decay time
much slower than that of phosphorus bound exciton,
and is due to the boron bound exciton, with a life-
time of about 1000 nsec."

The decay curve for P2 (Fig. 5) also has three dif
ferent regions. First, it shows the same rounded pa

as for all the other curves. The second part, from
about 400 to 600 nsec, is again almost straight. Tht
last segment of the curve, which breaks to a slower
decay time, is due to the tail of a longer-lived line
that overlaps P2. This is probably either the phos-
phorus BE, or a boron exciton-complex line. The i!
itial part of this curve clearly decays faster than u2
even without subtracting out the longer-lived tail
under the P2 line.

The P3 curve is shown in Fig. 6. The rounding o
the initial part of the curve is not as apparent here
it was for P~ and Pq, but it is still present. The dec~
is almost exponential until -500 nsec after the lase
shuts off, when the curve shows a definite break to
longer decay time. Since P3 sits on the shoulder of
the TO-phonon u2 line, the a2 line causes at least
part of the break. However, there is also a boron
exciton-complex line at almost the same wavelengtI
as a2, which could also contribute to the break. Tl
initial 200 or 300 nsec segment of the P3 decay curi
clearly decays faster than the NP n3, even before
subtracting out the longer-lived component under tj

P3 line. The initial part of the P3 also decays very
slightly faster than the NP n4 line.
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FIG. 4. Logarithm to the base ten of the transient decay of the P~ line. The points are the experimental data which have
been plotted twice with the upper set referring to the axis on the right and the lower set referring to the axis on the left. The
solid lines are the results of fitting the experimental data to the indicated combinations of the decay of other ]ines.
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FIG. 5. Logarithm to the base ten of the transient decay of the P2 line. The points are the experimental data which have

been plotted twice with the upper set referring to the axis on the right and the lower set referring to the axis on the left. The
solid lines are the results of fitting the experimental data to the indicated combinations of the decay of other lines.
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IV. 'ANALYSIS OF DECAYS AND CONCLUSIONS

X ~logtpPt(I) —logtp[an~(I) + be;(I)
I

+ Ce
—I (I)/1000 nsec] f 2

J } p (4.1)

I

was minimized by varying the parameters
a, b, and c. An analytic form was chosen to
represent the effect of the boron, since the boron-BE
transient curve itself could not be obtained for this
sample. Figure 4 shows the fits. The upper curve is
the result using a; = a3 in Eq. (4.1). The points are
the log of the Pt data, the line is the log of the sum
of parts. The fit looks fairly close; it may, however,
decay too steeply at the beginning to fit the data.

The method of analysis differed for the n and P
series of decay curves. No other lines of appreciable
intensity overlap the NP n1, a2, a3, or 0I4, and their
decays reflect this by showing exponential behavior
after some initial rounding. Therefore, the straight-
forward analysis of these transients, interpreting
them each as the decay of a single luminescence line,
is fairly reliable. This is not the case for the P series
of lines. The P series is not visible in the NP spec-
trum, and the TO phonon replica of each of the three

P series lines over'laps an a series line. Also, the
presence of boron bound-exciton lines and the possi-
ble presence of a broad background in the TO pho-
non spectrum further complicates the decays of the P
lines. Hence, the straightforward analysis used for
the a lines is not appropriate for the P lines.

To deal with the background and overlaps for the

P~, P2, and P3, various combinations of other decay
curves were added together in an attempt to repro-
duce the particular P decay under consideration. The
actual data was used in these composite curves, be-
cause the rounding exhibited by all the decays ruled
out fitting the P curves analytically as the sum of ex-
ponentials. The amplitude of each component in the
composite curve was determined by a nonlinear
least-squares method. In plotting the resulting fit
(see Figs. 4, 5, and 6) continuous curves were used
to distinguish the fit from the P decay data points.

The extraneous components of the P~ decay were
taken to come from the at line, since the P~ sits on
the shoulder of the TO bound exciton, and from the
boron bound-exciton line, since this line is known to
sit at approximately the same wavelength as P~. The
decay of the P~ was compared with both the u2 and

A3 lines. In each case, the extraneous components
were added to the o. data, and the result compared to
P~. More specifically, if P~(1), at(l), etc. , are the
number of counts (minus dark count and afterpuls-
ing) in channel I on the MCA [corresponding to in-

tensity of luminscence light detected during a time
window at time t(1)] then the function

The second curve is the result for i =2. This fit is
slightly better than the previous one, as indicated by
the error criterion of the least-squares fitting pro-
cedure. However, the similarity of the two different
fits indicates that this is not a particularly sensitive
test for the Pt decay time.

The extraneous component of the P2 transient was
taken to come from a tail of the 0.1. The function to
be minimized for the fit to this decay was

X Ilogi pP2(I) —logtp[a ~, (I) + b ~; (I))~', (4.2)

done by varying a and b. Figure -5 shows the results.
The points are the log of the P2 data, the line the log
of the fit, drawn as a continuous curve. The top plot
in the figure is for i =4 in Eq. (4.2), clearly a bad fit.
The bottom plot is for i =3, and seems to be an ade-
quate fit. However, it is not clear that o.1 is the only
line that could affect the P2 decay. A boron multiple-
bound-exciton line sits between the P2 and u~, as
does the LO-phonon replica of o.2.

We attempted to fit the P3 decay to the n4 decay.
Overlap from the o.2 line was included by adding the
n2 transient to the o.4 transient, the coefficients of
each determined by minimizing

X llogipP3(I) —logtp[& ~2(I) + b~4(I)) I' .

This fit, shown as a solid line in Fig. 6, is not a par-
ticularly good one. As pointed out earlier, P3 decays
slightly faster than the NP o.4. line at early times even
before subtracting out the longer-lived component
under P3. However, this still does not rule out the
possibility that P3 decays like a4, because the broad
background found in the TO-phonon spectrum has
not been taken into account. A comparison of the
transient curves of the NP and TO-phonon replicas of
the 0.3 line indicates the broad background decays fas-
ter than o,3, because the TO-phonon replica of n3 de-
cays slightly faster at early times than its NP counter-
part. If this same background were present under the
P3 line, it alone could cause the fitting procedure to
fail, because the background was not included, in the
composite curve.

The data and analysis presented above allow us to
place limits on the decay of the P-series lines, but do
not allow us to conclude unambiguously whether or
not a given P decay is identical to any of the u de-
cays. The P~ line decays faster than u~, but its decay
may be like that of either o.2 or n3. The error cri-
terion of the fitting procedure indicates 0,2 provides a
better fit, but the n3 fit is fairly good showing that
the fitting procedure is not a very sensitive test of the
P, decay. Further, our uncertainty in the precise
form of the decay of the boron BE, particularly at ear-
ly times, is comparable to the difference in the fit for
a2 and n3 The limit. s on the P2 decay are better de-
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fined. The P2 line decays faster than a2, but more
slowly than n4. The fit with the o.3 decay works well.
Finally the p3 decays more rapidly than the n3 T.he
fit to the o,4 is not very good; however, the differ-
ences could be due to an unaccounted for back-
ground. These results do not settle conclusively the
question of the validity of the assignments given in
the shell model, although the results'are consistent
with it.
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