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Confirmation of Large Lattice Relaxation of the DX Center 
by Extended Photo-Ionization Cross-Section Measurements 
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Although the large lattice relaxation model (LLR) for electron capture at the donor 
related D X  center in AI~Gal_~As has seen wide acceptance over the last 12 years, there 
have been some recent proposals which have at tempted to explain the experimental 
data with models that  only require small lattice relaxation (SLR). One key piece of 
evidence supporting LLR is the large observed difference (in the case of Si-doped 
AI~Gal_~As) between the optical ( -1 .4  eV) and thermal ( -0 .2  eV) ionization energies. 
The SLR model proposed that  the lowest energy optical ionization was a very weak 
process, and that  the optical transition which had been observed previously is a tran- 
sition to a higher band. These arguments  were supported by photoconductivity data 
showing a finite photo-ionization rate at energies as low as 200 meV. To resolve this 
question we have measured the photo-ionization cross section over 7 to 8 orders of mag- 
nitude using a tunable infrared laser as a source. A consistent optical ionization energy 
of about 1.4 eV was observed for 4 samples of differing alloy compositions and doping 
levels. In  no case was there any detectable photo-ionization below 0.8 eV. A detailed 
discussion of these experiments examines the difficulty in obtaining such a large dy- 
namic range optical spectrum. Of particular relevance are the issues of ionization de- 
tection, and the brightness of purity of the optical source. A thorough review of these 
issues and their impact on previous studies of the D X  center is presented. 
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I N T R O D U C T I O N  

GaAs/AlxGal_xAs heterostructures constitute one 
of the most frequently examined semiconductor ep- 
itaxial systems, primarily due to the close lattice 
matching of GaAs and AlAs. However, potential ap- 
plications of this system (and other III-V systems) 
are complicated by the difficulty in doping 
AlxGal_~As with n-type dopants, most of which, such 
as Si, Sn, and Te have proved simple and effective 
in GaAs. For A1 compositions above -0 .2  the free 
electron concentration of n-type AI~Gal_~As is lower 
than the doping level, due to electron trapping at a 

1-3  deep level. - This trap has subsequently been found 
to scale in concentration with the doping level, 4-6 
thus the root of the term D X  center, based upon the 
hypothesis that  it resulted from com plexing of the 
dopant with another unknown defect.~Moreover the 
D X  center seemed to be of considerable scientific in- 
terest  in that  it caused persistent photo-conductiv- 
ity at low temperatures,  indicating a barrier to cap- 
ture as well as emission of electrons. 8 More recent 
developments in the field include the observation of 
the D X  phenomena in GaAs (both as a band-reso- 
nant  state in heavily doped material  9 and as a state 
in the gap under hydrostatic pressure1~ theo- 
retical work indicating that the DX state is the result 
of a shallow to deep transition of the isolated n-type 
dopant, 13 and the currently unresolved question of 
whether or not D X is a negative-U center. 13-15 Thus 
there are both technological and scientific motiva- 
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tions to explore the electronic, optical, and struc- 
tural properties of this defect. 

While the term D X  center was  coined 12 years 
ago in reference to electron trapping in n-type 
AlxGal_~As, 7 the earliest indication of unusual  elec- 
tron trapping in n-type III-V alloy semiconductors 
came from studies of S-doped GaAsl_xPx by Craford 
et al. TM At temperatures below 100 K they observed 
persistent photoconductivity for sub-gap excitation 
of vapor-transport-grown n-type GaAsl_xPx samples 
of alloy content x > 0.45. They interpreted this phe- 
nomena as resulting from a barrier  to re-capture of 
the optically excited electrons at the substi tutional 
sulfur donors. They also demonstrated that  this 
nonequilibrium free carrier distribution could be 
induced either by optical excitation after cooling in 
the dark, or by rapid thermal quenching in the dark. 
Although they clearly and correctly elucidated the 
phenomena, lattice relaxation was not proposed as 
a mechanism for this barrier to capture until al- 
most 10 years later. 

This paper will present a brief overview of the 
history of optical studies of the D X  center, with a 
particular emphasis on the role of optical transi- 
tions in delineating the involvement of lattice re- 
laxation in the processes of capture and emission of 
electrons at this defect. The first section is a brief  
review of the pioneering work of Lang and co-work- 
ers, 7'17-2~ with a particular emphasis on the issue of 
the energy required to optically ionize the deep state. 
This will include their proposal that  the concept of 
a large lattice relaxation around the center upon 
electron capture/emission could explain the experi- 
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mental phenomena. Next, a more recent body of work 
from Henning and co-workers 21-2~ on the optical 
properties of D X  will be reviewed. They presented 
data for Si-doped AlxGa~_xAs which indicated that  
the optical ionization energy was much lower than 
previously thought, allowing the possibility of ex- 
plaining the D X  center kinetics without invoking 
large lattice relaxation. Finally we present exten- 
sive photoionization measurements  from several Si- 
doped Al~Gal_xAs samples, all of which show no evi- 
dence for photoionization at low energies. 26 The pho- 
toionization cross section ~ for D X  was observed to 
decrease monotonically over as much as eight or- 
ders of magnitude, becoming unobservable below 0.8 
eV. The last section will describe the difficulties in 
reliably obtaining such a large dynamic range, and 
will detail a unique tunable infra-red laser system 
used in the experiments. 

THE PHOTOIONIZATION CROSS SECTION 
o~ AND LANG'S  L A R G E  LATTICE 

RELAXATION MODEL 

An experimental picture of electron trapping at 
the D X  center developed by Lang et al .  7 is shown in 
Fig. 1. This picture shows D X  as a deep trap at an 
equilibrium energy E~ below the free electron band 
edge. For the Si D X  center this depth, determined 
by measurements  of the temperature dependence of 
the free carrier concentration (Hall resistivity), var- 
ies with alloy composition and has a maximum value 
of about 160 meV at the direct to indirect gap cross- 
over composition. 23 What  makes this defect un- 
usual, of course, is that it presents a barrier of height 
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Fig. 1 - -  Real-space picture of electron trapping at  the D X  center 
from Lang et al. Iv The hatched lines represent a free electron in 
the conduction band, EH the equilibrium energy depth of DX,  
and Eb and Ee the thermal capture and emission energies, re- 
spectively. 
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Eb to the capture of a free electron�9 This barrier re- 
sults in persistent photo-conductivity, similar to that 
seen previously in GaAsl_xPx. 16 At low tempera- 
tures, electrons which are optically excited from the 
bound state into the conduction band lack sufficient 
thermal energy to surmount this barrier and be re- 
captured. As the temperature is raised, thermally 
activated capture begins to take place. The temper- 
ature dependence of this capture rate provides a 
straight-forward means of measuring the barrier 
height, s'19 For the Si related D X  center Eb is found 
to vary with alloy composition with a minimum value 
of 210 meV at the direct to indirect gap crossover 
composition/7 Finally, since there is a barrier to 
capture, the thermal emission energy Ec is not the 
same as the equilibrium energy depth, EH, but should 
be the sum of EH and Eb. The emission energy Ee 
has been measured directly by DLTS to be 430 meV 
for the Si related center independent of 0.22 -< x - 
0.74. 27 The Sn and Te related D X  centers behave 
similarly, although the capture and emission ener- 
gies are smaller than for Si. 19 

Based upon the thermally derived characteristics 
of the D X  center outlined above, large lattice re- 
laxation is only one of several possible mechanisms 
for a capture barrier. However, the addition of op- 
tical transitions to the picture in Fig. 1 provide strong 
evidence that  large lattice relaxation is involved in 
the ionization process. The two principal observa- 
tions are: (1) that  the optical capture cross section 
(capture with the emission of a photon) is unob- 
servably small, and (2) that  the optical ionization 
energy is much larger than the thermal binding en- 
ergy. The reason contrasting optical to thermal 
measurements  has import on the question of lattice 
relaxation is that  purely optical transitions must  
occur for a fixed lattice configuration, whereas ther- 
mal (multi-phonon) processes can account for changes 
in both energy and lattice configuration. 

The lack of any observable optical capture process 
for the D X  center is a striking effect. The slow rate 
of persistent photoconductivity decay at low tem- 

�9 �9 -30 peratures puts an upper hmlt  of 10 cm -2 for the 
optical capture cross section, ~s which should provide 
the limiting low temperature cross section�9 This 
suggests that  capture must  be a heavily phonon as- 
sisted process. The opposite process, that  of optical 
excitation from the bound to free state, or photoion- 
ization, is the final key piece of evidence for strong 
lattice relaxation. The energy of this transition, la- 
beled En in Fig. 1, is much larger than the binding 
or thermal emission energies. This was first deter- 
mined by a measurement of the photoionization cross 
section ~ by Lang et al. 7'~7 for the Te, Sn and Si 
related D X  centers. Their data, presented in Fig. 2 
as the photoionization cross section vs. photon en- 
ergy, shows a clear threshold which depends upon 
the dopant species. Such spectra are typical of what  
is expected for defect level to band transitions, 2s ex- 
cept that the energy required is much larger than the 
corresponding thermal ionization energy. The curves 
show thresholds of around 600 and 800 meV and 
achieve maximum values around 1.1 and 1.3 eV for 
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Fig. 2 - -  Photoionization cross sections from Lang et al, 7'17 
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Te and Sn, respectively. In the case of Si, the data 
is not as extensive, but extrapolation puts the 
threshold at about 900 meV, while the peak cross 
section is not reached at 1.4 eV, the transmission 
limit of the GaAs substrate. Thus an optical ioni- 
zation of -1.0 eV is in stark contrast to a thermal 
emission energy of 0.43 eV and a binding energy of 
-0.16 eV. 

The combination of thermal and optical data led 
Lang et al. to propose that large lattice relaxation 
could explain the behavior of the DX center. 7'17a8 
This model is presented in a simple form in Fig. 3, 
labeled with the transitions discussed above. The 
horizontal axis in this diagram is a configuration 
coordinate, which is a generic representation of some 
lattice displacement around the defect. The exact 
nature of the lattice distortion need not be specified. 
The vertical axis represents the total energy around 
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Fig. 3 - -  Configurat ion coordinate model for large lattice relax- 
ation electron t rapping  at the  D X  center  from Lang  et al. iv The 
vertical axis is the s u m  of the single electron energy plus  the 
quadrat ic  elastic deformation energy about  the defect. 

the defect, that is, the energy of the electronic state 
plus the lattice distortion energy resulting from the 
displacement. Q. The two parabolas represent two 
electronic states, a free electron in the lowest con- 
duction band, and an electron bound to the DX cen- 
ter. The parabolic dependence of each results from 
a simple force constant representation of the lattice 
eneregy about an equilibrium point. The total en- 
ergy difference between the two minima is the equi- 
librium binding energy EH. The key feature of this 
model is that the equilibrium coordinates for the two 
states are significantly different, such that the curves 
cross at a point in between. If one assumes that the 
crossing point is the energy that must be achieved 
for thermally induced emission and capture, then Ee 
and Eb may be derived simply from the height of 
the crossing point, as shown in Fig. 3. The large 
optical ionization energy En comes naturally in this 
picture from the fact that optical transitions must 
be vertical, that is, for a fixed lattice configuration. 
Most of this energy goes to support the large lattice 
distortion at position QDX, and is subsequently re- 
leased during relaxation to the equilibrium coor- 
dinate for the ionized state, Qo. This relaxation en- 
ergy is just the Frank-Condon energy. Quantitative 
values for En have been obtained from fits to ~ (hv), 
treating En and the local vibrational mode energy 
(in Q) as adjustable parameters. This simple model 
explained all of the relevant experimental features 
of the DX center, and has received wide acceptance. 

P H O T O L U M I N E S C E N C E ,  o~., A N D  A 
PROPOSED SMALL LATTICE RELAXATION 

MODEL 

Recent renewed interest in the degree of lattice 
relaxation exhibited by the DX center was brought 
about by a two optical experiments on Si-doped 
AlxGat_xAs. The first was the observation of Hen- 
ning et a/. 21'22 of donor-to-accepter transitions in low 
temperature photoluminescence, the deepest of which 
was interpreted as involving the DX center. 21'22 Fig- 
ure 4 is a reproduction of one such spectrum from 
this work, showing the strong DC-to-acceptor recom- 
bination along with a much weaker DL-to-acceptor 
line referred to as D4. A series of such measure- 
ments indicated that this donor (D4) was approxi- 
mately 200 meV below the conduction band edge, 
and was observed to approximately follow the L 
minimum for alloy compositions 0.25 < x < 0.60, 
hence the DL-to-acceptor designation. The D4 line 
also exhibited local mode vibronic replicas param- 
eterized by an energy of 48 meV and a Huang-Rhys 
parameter S = 0.5. The Huang-Rhys parameter is 
a measure of the number of "average" phonons 
emitted during capture or emission. For compari- 
son, the LLR analysis based upon En ~1.0 eV yields 
a dominant phonon energy of - 9  meV and thus 
S - 100. The D4 level is a donor, somewhat deeper 
than expected for an effective-mass-like impurity 
level, with only weak coupling to the lattice and a 
relatively high energy local vibrational mode en- 
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Fig. 4 - -  Low t e m p e r a t u r e  pho te lumineseence  spec t rum of Si- 
doped, compensa ted  Alo.~Gao.r,~s f rom H e n n i n g  et al. 2~ This  op- 
t ical  emiss ion  is domina ted  by  donor  to accepter  t rans i t ions .  Line  
D4 follows the  L-band edge wi th  alloy composition variat ion,  hence 
t h e / ~ - - A  des ignat ion .  The  dashed  Gauss i ans  r ep re sen t  a de- 
convolut ion of D4 in to  a no-phonon l ine and  two replicas,  a t  a 
48 meV  spacing.  

ergy. What  was suggested, but  not proved, was that  
the D4 level was due to the same center as D X ,  if 
not the deep state, then perhaps a metastable shal- 
lower bound state of the same center. 22'2a 

Based upon these photoluminescence data and 
existing data on thermal emission and capture, 
Henning et  al. 21 proposed the small lattice relaxa- 
tion model presented in Fig. 5. This configuration 
coordinate diagram shows the L-band free electron 
state (L) and the occupied donor state D L as a func- 
tion of a configuration coordinate Q. In contrast to 
the LLR model of Fig. 3, the lattice displacement 
QD - Qo is small, and the crossing of the occupied 
and free electron states occurs outside of, instead of 
between QD and Qo- By suitable placement of the 
parabolas, the energies for thermal capture (Eb), 
thermal emission (E~), and thermal equilibrium (En) 
can be made to fit the experimental data. Also shown 
is the free hole (VB) state, and the excitation pro- 
cess resulting in the D4 luminescence line. The key 
difference between the predictions of this model and 
the LLR model is found in the optical ionization 
transition En, which should be -0 .2  eV, in contrast 
to greater than 1.0 eV for in the LLR model. 

The above photoluminescence results clearly called 
for further exploration of the photo-ionization 
threshold for the D X  center. If the occupied D X  cen- 
ter underwent only small lattice relaxation upon 
ionization, then the lowest optical transition must  
be at a significantly lower energy than determined 
by Lang. 7 Henning et al. 23 carried out a photoioni- 
zation experiment on Si-doped Alo.33Gao.67As, utiliz- 
ing the persistent change in conductivity, with a 
particular emphasis upon following the cross see- 
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Fig. 5 - -  Conf igura t ion  coordinate  d i a g r a m  for smal l  la t t ice  re- 
l axa t ion  model  proposed by Henn ing .  2l In  t he  luminescence  pro- 
cess, t he  in i t ia l  hole s t a t e  is rea l ly  an  accepter  level,  which  is a t  
a fixed posi t ion above  the  va lence  band .  

tion to as small a value as possible. In their exper- 
iment, samples were cooled in the dark to 60 K and 
then exposed to an optical source consisting of a lamp 
followed by a series of filters that  passed a narrow 
band at the desired energy. The rate of ionization 
was detected by the resulting rate of increase in the 
(persistent) conductivity of the sample. The energy 
dependence of the cross section measured in this 
manner  is plotted in Fig. 6 as solid squares. The 
cross section varied by over five orders of magni- 
tude from a maximum at 1.7 eV, and was claimed 
to be still detectable at photon energies as low as 
0.25 eV. For comparison the continuous line is data 
from Lang et al., 17 covering a much smaller dy- 
namic range. Henning suggested that  Lang's mea- 
surement, at least in the case of Si-doped AlxGal_~ks, 
was not of the threshold for ionization to the lowest 
conduction band edge, but rather  to a higher band 
edge, and that  the lowest energy photoionization 
process had a greatly reduced cross section and thus 
had not been detected by Lang. If this were the case, 
then the accepted picture of large lattice relaxation 
of the D X  center would require significant reex- 
amination. 
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Fig. 6 - -  Compar ison of photoionizat ion cross sect ions from dif- 
fe rent  publicat ions.  T h e  solid squares  are  from reference,  2a and  
the  open squares  and x's f rom re fe rence?  6 The solid squares  and 
the  x's were  t a k e n  from different  pieces of  t he  same source ma- 
terial .  The solid curve shows Lang 's  da ta  v'17 for comparison.  The 
da t a  are  normal ized  a t  1.4 eV. 

L ARGE DYNAMIC-RANGE 
M E A S U R E M E N T S  OF THE Si-DX C E N T E R  

We have carried out extensive measurements  of 
the DX center photoionization cross section a~, 26 us- 
ing a photo-capacitance method similar to that  used 

17 16  3 by Lang. Three Si-doped (7 x 10 cm- ) 1.0/xm 
layers of A1 mole fractions 0.30, 0.48, and 0.74 were 
grown by MBE, and Schottky diodes were formed 
in-situ by evaporation of 200A semi-transparent Mo 
layers. A fourth sample (x = 0.27) was a modula- 
tion-doped FET with a 500/~ A1,Gax_xAs layer Si- 
doped to 1 x 10 is cm -a, also grown by MBE. These 
devices were cooled in the dark to 80 K while main- 
taining a 0.5 V forward bias, producing occupied DX 
centers throughout much of the active layer. The 
capacitance of the diodes (or of the gate of the FET) 
was detected by an a capacitance meter  (PAR model 
410), and during the transient measurements a feed- 
back circuit was used to adjust the voltage to main- 
tain a constant capacitance. This keeps the deple- 
tion depth within the diode constant, which is re- 
quired to obtain exponential transients,  since DX is 
the dominant trap in this material,  r'19 As optical 
ionization of DX centers proceeds within the space 
charge region of the diode, the feedback increases 
the voltage to compensate for the increased space 
charge density. The voltage is l inear with the space 

charge density, and since the depletion width is kept 
constant, a fixed volume is sampled. However, with 
the DX centers initially fully occupied, as is the case 
when x = 0.30 and 0.48, the entire AlxGal_,As layer 
is depleted, resulting in a low value of C which is 
nearly independent of voltage. To obtain a larger 
capacitance which varies with the applied voltage, 
the diode was initialized by biasing at 0 V and ex- 
posure to light until  an intermediate capacitance is 
reached, then the shutter  closed and the feed-back 
activated to maintain  that  capacitance. The ioni- 
zation rate was then detected as a voltage tran- 
sient, with the degree of ionization being strictly 
proportional to the voltage change. This technique 
has the additional advantage that  once exicted into 
the conduction band, the electrons are rapidly swept 
out of the space charge region, providing added as- 
surance that  they cannot be recaptured. 

The optical portion of the experimental apparatus 
is outlined in Fig. 7. The sample was housed in a 
light-tight liquid-nitrogen-cooled cryostat with a 
single sapphire window covered by a manual ly  op- 
erated shutter. The light source was either a tung- 
sten lamp with narrow band filters, used at ener- 
gies of 0.8 eV and above, or the tunable IR laser 
system indicated in Fig. 7 which provided a greater  
intensity in a much narrower bandwidth needed for 
the rapidly decreasing cross section below 1.2 eV. 
For most samples the lamp and filters were used 
only for energies greater than  1.2 eV. When using 
the laser system, the power was sampled at the time 
of the experiment by splitting part  of the beam onto 
a Ge photodiode. The laser system is discussed in 
detail in the final section of this paper. 

Full transients were recorded at a number of pho- 
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Fig. 7 -- Block diagram of the optical portion of the photoioni- 
zation measurement system. The OPO and monochrometer are 
the infra-red laser system described in the last section of this 
paper. The aperture, which was the same size as the samples, 
served to control the 1:1 transfer of the tightly focused laser beam 
onto the sample. 
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ton energies, and the amplitude was always the 
same, indicating that  D X  ionization is the domi- 
nant  process at all energies. At an energy of 1.2 eV, 
a full t ransient  required of order an hour to com- 
plete. Therefore, to obtain data at a reasonable rate, 
the initial slope of the transient  (AV/zlt) was nor- 
malized to the optical power density and taken as 
a relative measure of the DX center photoionization 
rate. In practice, each t ransient  measured had a zlV 
of around 0.3% of the voltage swing observed for a 
full t ransient  after initialization, and no more than  
10 such transients (3% cumulative) were recorded 
per cooling. After completion, the sample was raised 
to room temperature and then cooled again in the 
dark for the next series of measurements. 

A summary of the data obtained for the four pri- 
mary samples in this study is provided in Fig. 8. 
This includes data taken both with the lamp and 
with the IR laser system, plotted on a logarithmic 
scale, and normalized to the same value at 1.2 eV. 
A determination of the photon flux in the high en- 
ergy range resulted in an estimated maximum of 
= 1 x 10 -17 cm -2 at 1.9 eV. With all of the curves 
covering 7 to 8 orders of magnitude, the smallest 
detected cross section was of order 10 -~4 cm -2. Al- 
though there is some variation in shape from sam- 
ple to sample, no persistent ionization was detected 
at energies below 0.8 eV. 

These results are in qualitative agreement with 
those of Lang, while they differ greatly with those 
of Henning, as may be seen in Fig. 6. This compares 
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Fig. 8 - -  Composite plot of photoionization cross sections for 
samples with four different alloy compositions. The vertical axis 
is logarithmic, covering 9 orders of magnitude, and the curves 
are normalized at 1.3 eV. 

our x = 0.30 sample with Henning's x = 0.33 sam- 
ple, normalized at 1.4 eV. While the two results 
match well above 1.2 eV, the disagreement is severe 
below that. Our results show a single threshold, 
start ing at -0 .9  eV. At this energy Henning shows 
a cross section 4 orders of magnitude higher, and at 
0.2 eV his cross section is still above our detection 
limit. Since we are secure in the fact that we are ob- 
serving predominantly DX ionization above 1.0 eV, 
and see no ionization whatever below 0.8 eV, it is 
clear that Henning's result 23 is anomalous. Poten- 
tial causes of that  anomalous result can be divided 
into 2 groups, problems associated with sample 
quality or electrical measurement technique, which 
will be discussed next, and problems associated with 
the optical source, discussion of which will be de- 
ferred to the next section. 

In an at tempt to determine whether the widely 
different results of Fig. 6 were due to sample dif- 
ferences, samples were exchanged between the 
Philips and IBM groups. Our applying the same 
methods described above to a piece of the x = 0.33 
sample obtained from the Philips groups resulted in 
the x's in Fig. 6. In contrast to the data in Fig. 8, 
the spectrum for this sample appears not to be 
monotonically decreasing with energy. The sugges- 
tion of a shoulder at 1.0 eV may be connected a deep 
level that  was observed in DLTS at 1.03 eV, at a 
density of 7.5 x 10 -14 cm -3. Although this curve is 
not identical to our original samples, there is a ma- 
jor discrepancy with respect to the photoconductiv- 
ity results on the same material.  We therefore rea- 
son that  most of the difficulty with Henning's 
photoconductivity results lay in experimental pro- 
cedure. 

One possible source of these anomalous results 
could be a confusion of ionization of the DX state, 
which is a persistent effect, with small transients of 
a nonpersistent nature. Such transients were con- 
sistently observed in our three lower doped samples 
(7 • 1016 cm -3) with an amplitude z l V / V  of order 
10 -3 to 10 _4 of the DX transient.  When the DX ion- 
ization rate was small and the photon flux was 
maximized this effect was quite significant. Figure 
9 is an example of a t ransient  that  clearly shows 
both components. An initial fast t ransient  occurring 
when the shutter  is opened is followed by a slower 
and quite linear D X  ionization process. The slope of 
this "slow" transient  is denoted by the dashed line 
which represents the DX ionization rate. When the 
shutter  is closed, there is a reversal of equal am- 
plitude to the initial rise. Thus the fast t ransient  is 
not persistent and does not arise from the deep D X  
state. Furthermore, this nonpersistent transient was 
seen in all three lower doped samples, but was not 
measurable in the MODFET, which was doped a 
factor of 15 higher. This indicates tha t  the source 
of this signal does not scale with the doping (and 
hence the DX center) density. 

In a later publication the Philips group did rec- 
ognize these "fast" transients,  25 however, they did 
not address the question of whether they were a 
persistent effect or not. They did show that  the "slow" 
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Fig. 9 - -  Optical  ioniza t ion  t r a n s i e n t ,  s h o w i n g  both  slow and  fa s t  
components .  The  r i se  t i m e  of "fas t"  componen t  is l imi t ed  by t h e  
de tec t ion  electronics.  

ionization process had a threshold around 0.7 eV, 
while the "fast" process persisted at roughly a con- 
stant cross section down to around 0.3 eV. They 
suggested that  if the DX center has a bi-stable 
ground (occupied) state then the slow transient could 
be ionization of the deep state and the fast one ion- 
ization of the shallow one. It is clear that  both the 
D4 photoluminescence and this nonpersistent pho- 
toionization represent real processes. However, it 
remains to be proven whether  these optically shal- 
low traps are a metastable configuration of the cen- 
ter responsible for DX, or are simply unrelated cen- 
ters. In any case, it is clear that  optical ionization 
from the deep DX state requires a large photon en- 
ergy, thus confirming unequivocally the large lattice 
relaxation model for this center. 

A P P L I C A T I O N  O F  A T U N A B L E  I N F R A - R E D  
L A S E R  S Y S T E M  T O  P H O T O I O N I Z A T I O N  

S P E C T R O S C O P Y  

Conventional (thermal) optical sources present two 
difficulties that can limit the dynamic range achieved 
in photo-ionization measurements.  The first is the 
fundamentally limited brightness available in such 
sources makes the observed transient times very long 
as a~ becomes vanishingly small near  the threshold. 
A 3000 K black-body source filtered with 25% ef- 
ficiency to a 10 meV bandwidth at 800 meV, with 
f/2 transfer optics, will result  in a photon flux of 

2 1 -1017 photons-cm- -sec- . Est imates p u t  the peak 
value of ~ for the DX center at 10-1~cm-2, which 
requires the detection of a cross section of 10 -21 cm -2 
to achieve a dynamic range of 104. For the above 
photon flux, this would require three hours to ob- 
serve a full transient.  The second problem encoun- 
tered with a thermal source is the difficulty of ad- 
equately blocking the light at higher energies where 

is large. Better  than 106/unit-bandpass rejection 
of light throughout the 1.0 to 1.5 eV range would 
be required to avoid inadvertent ionization by these 
photon energies. This is beyond the capabilities of 
conventional interference filters and single pass 
monochrometers, and could only be achieved by the 
careful application of multiple filters or multi-pass 
monochrometers. Even if the lat ter  solutions pro- 
vide the desired rejection, they will also further re- 
duce the total optical throughput. Clearly the only 
reliable way to extend measurements  of a~ below 
the 10 -21 level is to use a non-thermal, tunable source 
of infra-red radiation, i.e. a tunable IR laser. 

While tunable dye lasers are widely available and 
highly practical in the visible and very near IR 
spectral ranges, their range hasn't  been extended to 
wavelengths beyond 1.0 fern (<1.2 eV). At energies 
lower than this, the production of narrow-band tun- 
able IR becomes much more difficult. There are two 
classes of laser system that  will fit these require- 
ments: 1) tunable solid state lasers (color center las- 
ers), and 2) various nonlinear optical mixing tech- 
niques. At first glance, color center lasers may seem 
an ideal solution. 29 They are solid state analogs of 
dye lasers, utilizing lasing of the broadened defect 
luminescence bands found in many radiation dam- 
aged insulating crystals. They operate at wave- 
lengths from around 1.0 /~m to as long as 3.3 /zm, 
exhibit very narrow bandwidth (10 -5 eV), good out- 
put  power (10 mW to 1 W), and are continuously 
tunable. Their principal disadvantage is that  the 
tuning range for each crystal is only - 1 0 %  of the 
energy, and stable and reliable crystals do not exist 
for all spectral ranges. More specifically, there are 
no good crystals in the 1.1 ftm to 1.4/zm range, which 
covers the threshold for photo-ionization of the Si 
related DX center in AlxGal_xAs. Furthermore,  the 
wide spectral range (1.0 ~tm to 1.5/zm) covered in 
this work would require at least 3 crystal changes, 
which would make the measurements  much more 
difficult. Color center lasers are more appropriate 
for spectroscopy of systems in more limited spectral 
ranges, and where their very narrow linewidth is 
required. 

The second class of sources of IR, nonlinear mix- 
ing of shorter wavelength lasers, is more appropri- 
ate to semiconductor defect studies precisely be- 
cause these techniques generally trade larger 
linewidth or lower power for increased flexibility and 
spectral coverage. In its most generic form, two laser 
beams are passed through a transparent crystal, and 
interact through the nonlinear susceptibility )~k to 
produce some photons at the sum and/or  difference 
energy of the two input beams. All that  is required 
is that  the instantaneous power density of the input 
beams is sufficiently high, that  the beams overlap 
spatially, and that  energy and wave-vector amongst 
the three waves are conserved. Generally, pulsed 
lasers are required to achieve a significant degree 
of conversion. One form of this is frequency sum- 
ming, which is commonly used to double the energy 
of infrared lasers into the visible. Conversely, in- 
frared may be generated at the difference energy of 
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two visible or near-IR beams. If one of the input 
beams is tunable, i.e. a dye laser, then the gener- 
ated IR beam will likewise be tuned across an equal 
energy range. The simplest form this might take 
would be subtractive mixing of part  of a fixed wave- 
length in the green (~500 nm) with a dye laser beam 
in the deep red (~730 nm). Although simple, this 
scheme is often limited in output power, not so much 
by the available peak pump powers, but by damage 
thresholds in the nonlinear crystals. Since the con- 
version efficiency is proportional to the power den- 
sity of all three optical waves, it can be most readily 
improved by recirculation of the weakest of the three, 
without significantly increasing crystal damage. This 
is the basis for an optical parametric oscillator 
(OPO), a~ of which the system used in this work on 
the D X  center is an example. 

A block diagram for the OPO used in this study 
is shown in Fig. 10. The primary optical source is 
a copper vapor laser, which is a high repetition rate 
(5 kHz), pulse discharge laser with lines at 510 nm 
and 578 nm. The average power is 20 W, and the 
pulse duration is 30 ns. Both lines are used to pump 
a grating tuned flowing cell dye laser consisting of 
an oscillator followed by a single stage amplifier. 
Two dyes have been employed, R6g covering from 
560 to 585 nm, and Kiton red covering the range 
595 to 620 nm. This particular OPO scheme was de- 
veloped by Wallace, a~ using a flash pumped dye laser. 
The only advantage of the system presented here is 
the much higher repetition rate and average power 
of the Cu vapor pumped system. The ~1 W output 
of the dye laser is used to coaxially pump the para- 
metric oscillator through its dichroic back reflector, 
which is transmissive in the red, but  a high reflec- 
tor beyond 800 nm. This reflector, along with an- 
other IR reflector labeled output coupler in Fig. 10, 

Infrared Optical Parametric Oscillator System 

CU Vapor Laser H Dye Laser ~ - ~  

Oven < OPO cavity > LzNb03 

I / U  ~ - �9 --///zo-///.. v IA'~'DiclTroic mirror 
,1, Output coupler ~ . 

~rror Amp 
. . . . . . . .  ~ Position ~--'-Filter "K-x<" ,, I , ensor 

/ Grating ' I Slits 
_ r - 7  I I -  

- " V I  I " 
Beamsplitter I 

Fig. 10 - -  Tunable infra-red laser system used in this work. One 
of the two infrared beams (signal or idler) is selected and tracked 
by the grating, using position sensing and active feedback. Tun- 
ing is achieved by tuning the dye laser and determining the ex- 
act IR wavelength from the grating position. 

form the cavity of the OPO. The conversion takes 
place in a 5 cm long a-axis LiNbOa crystal. The ends 
of this crystal are polished perpendicular to the op- 
tic axis, and it is heated in a temperature controlled 
oven into the range 200 to 350 ~ C. The elevated 
temperature is required to avoid permanent  dam- 
age to the LiNbOa, and as will be shown below, is 
optimal for proper phase matching in the available 
dye wavelength ranges. 

The basic nonlinear process in the LiNbOa is the 
conversion of one incident dye laser (pump) photon 
into two IR photons of equal total energy, referred 
to for historical reasons as the signal and idler. 
Conservation of energy for this process may be ex- 
pressed as 

% = o) s + o),, (1) 

where o) is the frequency of each optical wave. In 
addition to the conservation of energy, a form of 
conservation of wave-vector is required for this 
parametric conversion process to occur. This can be 
writ ten as: 

kp = k~ + ki, (2) 

where k is the wave-vector with magnitude wn/c.  
The index of refraction (n) relates the frequency to 
the wave-vector. In general, the index of refraction 
depends weakly on the frequency (w) and the po- 
larization (j). Thus, for colinear propagation of all 
three waves, wave-vector conservation may be re- 
writ ten as 

% n / % )  = %nflo)s) + o)in/~o/). (3) 

Since the index of refraction is generally a mono- 
tonic function of oJ over a typical range of interest, 
it becomes clear that  colinear phase matching can- 
not take place for an isotropic crystal. However, this 
spectral dispersion can be compensated for in bire- 
fringent materials by appropriate selection of po- 
larizations. The material  used in this case, LiNbOa, 
is negative uniaxial, which for propagation along 
the a-axis means the ordinary polarization (along 
the c-axis) has a larger index than the extraordi- 
nary polarization (along the second a-axis). If the 
pump beam polarization is ordinary and the signal 
and idler are both extraordinary, then phase match- 
ing can be achieved, and is given by 

%,no(w,,) = oa~ne(o,) + ,gine(~). (4) 

This equation and Eq. (1) together uniquely deter- 
mine the signal and idler frequencies for a given 
pump frequency. Phase matching curves have been 
calculated from Sellmeier equations for no(w,T) and 
ne(w,T) which have been fit to index of refraction 
data for LiNbOa. a2 The results are plotted in Fig. 11 
as signal and idler wavelength vs pump wavelength 
for a series of crystal temperatures.  Rapid and con- 
tinuous tuning of the OPO is achieved by tuning 
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Fig. 11 - -  Tuning curves for the LiNbO30PO. Operation is gen- 
erally stable to within 5% of the degeneracy point. The resul t ing 
inaccessible region could then  be reached by switching both dye 
and crystal temperature.  

the dye laser, while different portions of the in- 
frared may be reached for a given dye by changing 
the crystal temperature.  

The idler is recirculated in the OPO cavity, 
achieving sufficient strength in all three fields for 
the gain to exceed the cavity loss for the idler, thus 
resulting in oscillation. This is known as a singly 
resonant oscillator (SRO). Doubly resonant oscilla- 
tors (DRO's), which oscillate both the signal and the 
idler, have significantly lower pump thresholds, but  
also have greater problems with stability and con- 
tinuous tunability. It is important that  the OPO 
cavity be as short as possible, since oscillation needs 
to build up from the spontaneous parametric con- 
version limit within the 25 ns envelope of the dye 
laser pulse. In this case the cavity was 12.5 cm in 
length (optical length 18 cm), which provides about 
20 forward gain passes through the LiNbO3. The 
output coupler t ransmits  most of the signal and 
enough of the idler for both to be available for ex- 
periments. This also means that  for some experi- 
ments selection of one energy with high rejection of 
the other is important. This is the case for photo- 
ionization of the DX center when using the full in- 
tensity of the idler near  the (r ~ threshold. The grat- 
ing filter shown in Fig. 10 performs this function, 
yielding a rejection of 5 to 6 orders of magnitude in 
the unwanted beam. Par t  of the output from the 
grating is split off and directed onto a position sens- 
ing Ge split-cell photodiode placed at a distance 
equivalent the exit slits. The signal from this sen- 
sor is proportional to the transverse position of the 
beam. The grating is mounted on a scanning gal- 
vanometer, and the signal from the position sensor 
is used, through a error-correction feedback circuit, 
to determine the grating position. In this way the 
grating filter can track the desired output beam 
continuously as the wavelength is varied, always 
keeping the beam centered on the position sensor 
and the output slits. 

The application of the OPO system in measure- 

ments of ~ for the DX center is diagrammed in Fig. 
7. After exiting the tracking monochrometer, the 
beam is focused onto a 600 t~m aperture, which is 
then focused 1:1 both onto the sample and onto a 
Ge photodiode via a beam splitter. This reference 
beam is chopped and measured by a lock-in ampli- 
fier, and calibrated by a themopile placed in the 
sample position. A variable at tenuator  placed be- 
fore the beam splitter allowed control of the power 
from a few mW down to below 1 tLW. Once mea- 
surement of a sample began, the projection of the 
aperture onto the sample was held fixed. Any drift 
in the position of the laser focus was corrected by 
translating the beam at the aperture to maximize 
throughput. This ensured a fixed coupling efficiency 
to the sample throughout a series of measurements.  

C O N C L U S I O N S  

We have reviewed the understanding of optical 
properties of the DX center in AlxGaa_xAs, with 
a particular emphasis on the role that  optical 
transitions play in elucidating the role of lattice re- 
laxation at the defect. Data from our extended dy- 
namic range photoionization cross section measure- 
ments are compared to results from two previous 
studies. We conclude that  the photoionization pro- 
cess of the Si DX state requires an optical energy 
of at least 800 meV, and that  there is no detectable 
ionization cross section at photon energies below 800 
meV. Data from reference 23 does show a finite pho- 
toionization rate at energies as low as 200 meV, 
however, after an exchange of samples these results 
could not be reproduced. The conclusion is that  the 
low energy photoionization process reported in 
reference 23 is at t r ibutable to some combination of 
two effects: 1) The optical source was not suffi- 
ciently intense and spectrally pure, thus the ioni- 
zation observed was actually due to residual pho- 
tons of energy greater than - 8 0 0  meV, and 2) The 
process observed at low energies was not ionization 
of the DX state. The lat ter  possibility is enhanced 
by the use of photoconductivity to detect the ioni- 
zation instead of photocapacitance. Therefore all 
evidence points to an optical ionization energy for the 
deep DX state which is much larger than the ther- 
mal binding or emission energies. This large Frank- 
Condon shift provides a point of distinction between 
large and small lattice relaxation models of the cap- 
ture and emission process. The only model for cap- 
ture and emission from the DX state which ade- 
quately explains both the thermal and the optical 
data involves large lattice relaxation around the de- 
fect in the process. 
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