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The photoluminescence properties of metal-organic chemical vapor deposition GaAs:Er were
investigated as a function of temperature and applied hydrostatic pressure. The
4 13— 15 Er " emission energy was largely independent of pressures up to 56 kbar and
temperatures between 12 and 300 K. Furthermore, no significant change in the low temperature
emission intensity was observed at pressures up to and beyohdXheossover at-41 kbar. In
contrast, AlGa, _,As:Er alloying studies have shown a strong increase in intensity nedr-¥e
crossover ak~0.4. These results suggest that the enhancement is most likely due to a chemical
effect related to the presence of Al, such as residual oxygen incorporation, rather than a band
structure effect related to the indirect band gap or larger band gap energy. Modeling the temperature
dependence of the 1.54m Er¥" emission intensity and lifetime at ambient pressure suggested two
dominant quenching mechanisms. At temperatures below approximately 150 K, thermal quenching
is dominated by a-13 meV activation energy process which prevents Excitation, reducing the
intensity, but does not affect the Erion once it is excited, leaving the lifetime unchanged. At
higher temperatures, thermal quenching is governed byla5 meV activation energy process
which deactivates the excited Erion, quenching both the intensity and lifetime. At 42 kbar, the

low activation energy process was largely unaffected, whereas the higher activation energy process
was significantly reduced. These processes are proposed to be thermal dissociation of the Er-bound
exciton, and energy back transfer, respectively. A model is presented in which the Er-related
electron trap shifts up in energy at higher pressure, increasing the activation energy to back transfer,
but not affecting thermal dissociation of the bound exciton through hole emissionl993
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I. INTRODUCTION In this article, we examined the luminescence properties
of GaAs:Er as a function of temperature and applied hydro-

In the past several years, there has been a strong interesthtic pressure. High pressure is a useful tool for studying the
in rare-earth doped semiconductors because of their potentiptoperties of impurity levels in semiconductors because of
to combine sharp rare-earth luminescence with the convets ability to influence impurity states and the host band
nience of electrical excitation via the semiconductor Hdst. structure. Pressure is also capable of altering thermal energy
One desirable feature of rare-earth luminescence is that tHzarriers and can be used to elucidate excitation and quench-
emission wavelength is largely independent of both the hoghg mechanisms. In many respects, pressure studies provide
material and temperature, because the filled ousearid 5  information similar to alloying studies. However, a key ad-
p electron shells screen transitions within the inndrelec-  vantage to high pressure is the ability to influence energy
tron shell from interaction with the host. Erdoped materi- levels and energy barriers in the absence of complicating
als have been of particular interest because thé&hemical effects that often accompany alloying.
#1131~ 15/, emission at 1.54um matches the minimum
loss region of silica fibers _used in pptical communications. || ExpERIMENT

Development of practical devices based on rare-earth
doped semiconductors has been hindered by low room tem- Epitaxial GaAs films were prepared by metal-organic
perature efficiencies. In order to improve the efficiency, wechemical vapor depositioMOCVD) in a horizontal, low-
need a better understanding of the nature of rare-earth cefiressurg78 Torn reactor usindCHs);Ga and AsH. Palla-
ters in the semiconductor lattice, the relationship of raredium diffused H was used as the carrier gas. Erbium doping
earth related levels to the semiconductor band structure, arfas accomplished with a cyclopentadiertp) based pre-
the basic mechanisms of rare-earth excitation and therm&ursor, ¢-butylCp)sEr. The layers were deposited on semi-

quenching. Several recent studies have sought to addreitulating (100 oriented GaAs substrates at 650 °C. The
these needs? V/II ratio [ AsH3/(CHg);Ga) was 60. Layers were typically

2 um thick with an erbium concentration ef 10/ cm3, as
determined by secondary-ion-mass spectrosc¢piMS)
dCurrent address: Research Center for Optical Physics, Hampton Univere-malysiS The samples were also found to contain oxygen at
sity, Hampton, VA 23668. ’ . .
bCurrent address: Advanced Technology Materials, Danbury, CT 06810. &N amount comparable to the erbium concentration. Growth
9Corresponding author. Electronic mail: bray@engr.wisc.edu details are reported elsewhére.
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FIG. 1. PL spectra of thél ;5,—*l ;5 Er*" emission in GaAs:Er as a func-

tion of pressure at-45 K. For the spectra other than at 1 atm, the very small FIG. 2. PL spectra of th& ;3,41 5,Er** emission in GaAs:Er as a func-
DAC sample size results in weaker signals, causing a lower resolution antion of temperature at ambient pressure.

signal-to-noise ratio.

shown in Fig. 2. The emission consisted of a main peak at

In the photoluminescencé’L) measurements, samples 1539.5 nm and a group of two overlapping peaks at approxi-
were cooled in a variable temperature cryostat. Excitationmately 1548 and 1552 nm. Over this temperature range,
was performed with the 514.5 nm line of a chopped argonhere were no drastic changes in the PL spectrum. As the
ion laser at an intensity of approximately 13 W/crhumi-  temperature was increased from 13 to 300 K, the main peak
nescence was collected and dispersed with a one-meteghifted to higher energy by only 5 A. No shift of the main
monochromator. In measuring the PL spectra, detection waseak was observed as the pressure was increased, within the
with a liquid-nitrogen cooled Ge detector using standardresolution limit of the pressure experiments. These observa-
lock-in amplifier techniques. All spectra were corrected fortions are consistent with the filled outes &nd 5 electron
instrumental response. For lifetime measurements, a fastehells effectively screening the intrd-4ransitions from any
Ge detector with a response time-ofL80 us was used, and changes in the host material.
the signal was analyzed with a digital oscilloscope. However, some subtle changes in the emission structure

Hydrostatic pressure experiments were performed usingere apparent. The intensity of the 1552 nm peak decreased
a diamond anvil cell(DAC) with a 4:1 ethanol:methanol with temperature at a rate slower than the 1548 nm peak. As
mixture as the pressure-transmitting fluid. Samples to be results, these two peaks could be resolved at temperatures
loaded in the cell were thinned and cleaved to a size approxiabove 200 K. Furthermore, as the pressure was increased, the
mately 60—70um thick and 150um wide. Either rub§ or 1552 nm peak grew in intensity relative to the 1548 nm peak.

Tm:YAG® was used as the pressure calibrant. Finally, it appears that an unresolved shoulder on the low
energy side of the main 1540 nm peak became more signifi-
IIl. RESULTS AND DISCUSSION cant with increasing pressure.

One interpretation of these results is that many different
Er* centers in slightly different environments are present.
The samples used in this study exhibited the characterFhe Stark splitting of thél 5, manifold would be roughly
istic 41157115 Er " emission at 1.54um, as well as very the same for each center, with three of these Stark split levels
weak band edge luminescence. The PL spectra of thgiving the major peaks at 1540, 1548, and 1552 nm. The
4132~ 15Er "emission at 45 K and pressures up to 53slight environmental differences would lead to inhomoge-
kbar are shown in Fig. 1. Additionally, PL spectra at ambientneous broadening of these peaks. In support of this idea, the

pressure and temperatures ranging from 13 to 300 K areain peak width was approximately 40 ch This is much

A. Spectral characteristics
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~0.4. This type of intensity enhancement has been observed

Alumirum Mole Percent by other researchers as wHlIThe results are compared in

0 10 20 30 40 50 60 70 80 90 100 Fig. 3.
L Zhanget al. give three possible explanations for the be-

havior they observed. First, the presence of aluminum some-
how enhances the optical activation of erbium centers. Sec-
ond, the opening of the band gap allows alignment of the
conduction bands with upper energy levels of'Esuch as

the *Fq, and %Sy, manifolds, enhancing excitation effi-
ciency. Third, the Ef" excitation efficiency increases be-
yond theI'-X crossover ax~0.4 due to the increase in
minority carrier lifetime. When the host material has a direct
gap, excess carriers have a very short lifetime due to efficient
I' band-related recombination, both radiative and
nonradiative’! Because the Ef luminescence decay is
many orders of magnitude slower than band edge recombi-
nation, the Et' centers cannot effectively compete for the
carriers needed for excitation. On the other hand, when the

[oN) e
O [l

Relative Intensity
3

20

0 host material has an indirect gap, excess carriers are much
A T T T R longer lived, allowing them a greater probability to excite the
0 10 20 30 40 50 60 70 80 90 100 Eft centers.
Pressure (kbar) The application of hydrostatic pressure is a unique tool

to test these proposed explanations. There is a qualitative

correspondence between the effects of applying pressure and

FIG. 3. EF 1.54,;,m relative er_’mssmn intensity as a function of pressure in aIonmg with aluminum on the band structure. THecon-
GaAs, and aluminum content in &a _,As. Bothx axes are scaled to the

I'-X crossover, marked by the dotted line. The pressure dependence dagapcuon band edge_Sh'ftS up in energy at a pomparable rqte
(triangle$ are at 45 K with cw 514.5 nm excitation. The aluminum depen- per kbar pressure in GaAs or percent aluminum content in
dence datdcircleg are at 77 K with pulsed 514.5 nm excitation, although A| «Gay_,As. Furthermore, the direct to indirect transition
similar results were observed with cw excitation. The Al dependence datztr_x crossover occurs atx~40%in ALGa_,As, andP
are from Ref. 9. ) XX .
~41 kbar in GaAs. It should be noted that this rough equiva-
lence between percent aluminum content and pressure in
o ) kbar breaks down far above the crossover point because the
broader than emission lines known to come from a singlejnirect band gap continues to increase with aluminum con-
weII-d_eflned center, such as the dz(Ons)> center in  yont whereas it slowly decreases with pres<@mdeverthe-
GaAs:Er,O which has a main peak width of only 0.1 g5 hressure allows a qualitative comparison between GaAs

cm 1.%7 Although SIMS analysis showed that the sample,,q ALGa_ As systems up to and slightly beyond the
used in this work does contain oxygen, it was grown at cony;-act-indirect transition.

ditions (high growth temperature and V/III rajiavhere the

Erga(Ons)2 Center is not predominafif: As a result, many explanations offered by Zhareg al. Applying pressure
slightly different centers may have contributed to the reIa—On GaAs:Er simulates the same behavior in the band struc-
tively broad emission. The_ su_btle changes in the.emlssmrthre’ including possible alignment of the conduction bands
spectra are due to a combination of two factors. First, for Qith upper energy B levels and the increase in excess

given center, the transition probabiliies between different. i ifetime beyond th&-X crossover. However, no sig-
Stark split levels many have somewhat different temperaturgc ' ’

. cicant increase in emission intensity was observed.
and pressure dependencies. Second, the temperature an Zhanget al’s first explanation that the presence of Al
pressure dependencies of these transition probabilities WOUlgO

Iso b ted t lahtlv bet the diff ; mehow enhances the optical activation of'Eenters is a
?efg € expected to vary slightly between the difierent Cenc.pomical effect which cannot be excluded by the pressure

results. Thus, the intensity enhancement seen in
AlL,Ga _,As:Er is most likely due to an alloying effect re-
lated to the presence of Al rather than a consequence of the
band gap or indirect behavior of the host. We speculate that
At a low temperature, no significant change in the 1.54the increase in erbium intensity is due to incorporation of an
um emission intensity was observed as pressure shifted theimpurity such as oxygen along with Al. Aluminum alloying
conduction band edge of GaAs up to and beyondIthx in both MOCVD and MBE AlGa _,As is known to bring
crossover at-41 kbar. This contrasts with the behavior ob- residual oxygen impurities into the host material in high
served by Zhanget al. in their studies of erbium doped concentrations®* Oxygen codoping is known to enhance
Al,Ga,_,As alloys grown by molecular beam epitakyAs  the EF™ emission in GaAs and AGa, _,As.®° It should be
the aluminum content was increased, a very strong increageiterated that the GaAs:Er sample used in this work also
in intensity was observed near tHé-X crossover atx  contains oxygen, but the amount of oxygen will obviously

The pressure results in Fig. 3 appear to rule out the last

B. Effects on the low temperature intensity
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FIG. 5. Model for energy transfer between the semiconductor host and the
rare-earth ion, showing the processes of excitation, energy back transfer, and
hole emission. An electron trap is assumed for the rare-earth center.
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reduced, but the measured lifetime is largely unchanged. At
temperatures above-150 K, the intensity continued to

quench, and the lifetime also began to decrease rapidly with
increasing temperature. This region indicates a higher acti-

0.01L—1 : ' : . : vation energy process which depopulates the excitéd Er
0.00 0.02 0.04 0.06 ; - . . e
ion, quenching both the intensity and lifetime.
Inverse Temperature a('l) The data can be fit to a one- or two-process quenching

model of the formt®

FIG. 4. Temperature dependence of the 1,64 Er* emission intensity X

and lifetime at ambient pressure. The dotted line, located at approximately X = 0 , )

150 K, indicates the two regions of different quenching behavior. For clar- E: E,

ity, 95% confidence intervals have been omitted from the plot. These inter- 1+A; expg — kT +A; exp — kT

vals are approximately=0.003 ms for the intensity;-0.006 ms for the
lifetime at low temperatures, antd0.018 ms for the lifetime at high tem-

peratures. The curves are fitted results to @, where X is either the intensity), or the lifetime, . The

temperature dependence of the 1,54 intensity at ambient

pressure can be fit excellently with the two-process model.
remain constant in the pressure experiments. Thus, the bad&e fitted activation energies afé;=13.4+0.3 and E,
level of intensity enhancement that may be occurring in this= 115.8+3.4 meV, where the indicated errors are 95% con-
sample is present at all pressures, whereas oxygen incorpbidence intervals. Values similar to these have been previ-

ration and enhancement can continue to increase with alumpusly reported® The temperature dependence of the lifetime
num alloying. was fit very well with only a one-process model, yielding an

activation energy ofE=113.1+10.0 meV. This value
closely matches the second activation energy determined
from the intensity quenching, suggesting that they may be
As is evident in Fig. 2, the intensity of the 1.54m  related to the same process.
emission decreased rapidly with increasing temperature. Fig- In order to consider possible quenching models, it is
ure 4 shows this thermal quenching more explicitly, for bothnecessary to first discuss the excitation mechanism. The most
the peak emission intensity and lifetime at ambient pressuravidely accepted model for energy transfer between the semi-
The temperature dependence of the integrated emission igonductor host and the rare-earth ion was first discussed for
tensity is practically identical to that of the peak emissionll-VI compound$®?°and InP:Yb?'?followed by a similar
intensity. In the time-resolved PL measurements, the lumimodel for GaAs:Ef823In this model, the rare-earth ion in-
nescence was found to follow a single exponential decaytroduces either an electron trap below the conduction band or
from which the lifetime was determined. The fact that thea hole trap above the valence band. After free carriers are
decay is single exponential indicates that the differerit Er created in the host material by minority-carrier injection or
centers contributing to the relatively broad emission pealabsorption of above-band gap light, either an electron or hole
have similar lifetimes. Two distinct regions are apparent inis trapped at the rare-earth center. An opposite carrier is then
Fig. 4, as indicated by the line at approximately 150 K. Atattracted to the charged center through its long-range Cou-
low temperatures, the intensity decreased with increasintpmbic potential, forming a bound exciton localized on the
temperature, whereas the lifetime did not. In fact, there is aare-earth ion. The exciton recombines and transfers its en-
slight lifetime increase from 0.84 ms at 12 K to 0.93 ms at 90ergy to the 4 shell of the rare-earth ion. Finally, the excited
K. This behavior suggests a low activation energy quenchingare-earth ion can decay to its ground state, emitting a pho-
process which prevents Er excitation but does not affect ton. This process is shown in Fig. 5, assuming that'Er
the EP* ion once it is excited. As a result, the intensity is introduces an electron trap.

C. Thermal quenching properties
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perature was increased from 12 to 296 K. However, at 42

kbar, the thermal quenching was reduced by nearly one order

of magnitude at room temperature. Again, two distinct re-

gions are apparent. The quenching process dominant at low

temperatures was largely unaffected by the increase in pres-

| sure, whereas the process dominant at higher temperatures
was significantly reduced.

I A satisfactory fit of the intensity data at 42 kbar requires
two processes in the quenching model, but the first process

, dominates over the minor, but non-negligible, second pro-
cess. The dominant process has an activation enerdsy of

| ] =10.4*+3.0 meV. The values fdg,; at ambient pressure and

l 1 42 kbar are comparable, again demonstrating that the low

|,

A 42 kbar
e Ambient Pressure

Tntensity (arb. units)
(o]

1 activation energy process is fairly independent of pressure.
The second process is so weak tBatis very uncertain. By
varying the prefactoA, over a large range, satisfactory fits
are obtained for values extending from 40 to 350 meV. How-
ever, the prefactor is related to the degeneracies of the levels
involved in the quenching process, as well as the matrix
element of the energy transfer transitiSrt/These quan-
0'001.000 YT R YT tities should not have a strong dependence upon pre%f%ure.
Figure 3 supports this fact, in that the low temperature inten-
Inverse Temperature (Kl) sity is nearly constant at pressures up to 56 kbar. Thus, to
determine a more realistic range fBp, we might assume
FIG. 6. The effect of pressure on the thermal quenching of the Ar84 AZ, hasl the Same_value at 42 kbar as_ at ambler_]t pljes.sure.
Er* emission intensity. The dotted line at approximately 150 K indicates With this assumptionE, can now be estimated to lie within
the two regions of interest. On this normalized scale, 95% confidence intethe narrowed range of 140—300 meV at 42 kbar. The pres-
vals are approximately-0.003 for the ambient pressure data an@.03 for sure shift rate of the activation energy is then estimated to be
the high pressure data. between+0.6 and 5 meV/kbar. At 42 kbar, the higher acti-
vation energy process has been considerably reduced, due to

The 13 meV thermal quenching process, active at lowan increase in the activation energy.
temperatures, reduced the intensity but not the lifetime. One  Figure 7 compares the temperature dependence of the
possible assignment is the thermal dissociation of the boun@mission lifetime at ambient pressure and 42 kbar. There was
exciton before it can recombine to excite the**Eion. If a small increase in the low temperature lifetime at 42 kbar.
Er*" introduces an electron trap, this process corresponds fourthermore, at high pressure, the lifetime appeared not to
hole emission, leaving the electron trapped on the Er centegluench at temperatures up to and possibly beyond 230 K,
The coulombic electron-hole binding energy is expected tovhereas the ambient pressure lifetime decreased rapidly
be on the order of this activation enertfyThis mechanism above approximately 150 K. However, we should emphasize
does not affect the Bf ion once it is excited, but rather that the uncertainty of the 42 kbar lifetimes is rather large at
prevents initial Et" excitation. As a result, the intensity is these higher temperatures. In the high-pressure lifetime mea-
quenched, but the lifetime is unaffected, as was observed igurements, the combined factors of the extremely small
the low temperature region. This type of process has beesample size in the diamond anvil cell, the need for a fast Ge
previously proposed for InP:YBand GaAs:Er8 detector, and the thermal quenching of the intensity all lead

The ~115 meV process, active at higher temperaturesto very low signal levels at higher temperatures. As a result,
guenched both the intensity and lifetime. This mechanism i¢he uncertainty of the lifetime increases. Despite the uncer-
most likely “energy back transfer” as proposed by Thonketainty, this data again suggests that the higher activation en-
et al.and Taguchet al?>?*The excited E¥ ion decays and ergy process was significantly diminished at high pressure.
transfers its energy to reform the bound exciton, rather than The temperature dependence of th&Eemission inten-
release a photon. As shown in Fig. 5, this is simply thesity and lifetime at high pressure supports the assignments
reverse of the excitation mechanism. In this mechanism, thpreviously made for the two quenching mechanisms. First,
excited EF' ion is deactivated, so both the intensity andthe lower activation energy process, proposed to be thermal
lifetime will be quenched with the same activation energy, aslissociation of the bound exciton, was largely unchanged at
was observed at temperatures abevis0 K. high pressure. This observation is consistent with the assign-

The temperature dependence of thé 'Hluminescence ment, since the electron-hole coulombic binding energy is
was also examined at high pressure to gain further insightiot expected to change much with pressire.
into the assignment of these quenching mechanisms. Figure Next, the pressure-induced reduction of the higher acti-
6 compares the temperature dependence of the emission imation energy process, characterized by an increase in the
tensity at ambient pressure and 42 kbar. At ambient pressuractivation energy, is consistent with the assignment of the
the intensity was quenched by a factor-e£5 as the tem- process as energy back transfer. This activation energy is

372 J. Appl. Phys., Vol. 82, No. 1, 1 July 1997 Culp et al.
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FIG. 8. The effect of pressure on the energy back-transfer quenching
mechanism. The Bf ground state is arbitrarily aligned with the valence
band to allow easy identification of the back-transfer activation energy. The
absolute positions of the Elevels relative to the bands are not important;
only the difference between the bound exciton recombination energy and the
¥ 41131~ % 1552 transition energy is significant.

—a— 42 kbar
— o Ambient Pressure

0.1 T Nearly an order of magnitude increase in emission inten-
0 50 100 150 200 250 300 sity at room temperature was obtained due to the re_ducti(_)n
of energy back transfer at 42 kbar. However, despite this
Temperature (K) gain, the intensity still decreased by a factor of 3 to 4 at room
temperature due to the other quenching process, thermal dis-
FIG. 7. The effect of pressure on the thermal quenching of the 484  sociation of the bound exciton. Thus, the fairly low coulom-
Er** emission lifetime. The error bars indicate 95% confidence intervals. Inpjc electron-hole binding energy sets a serious limit on the
the high-pressure lifetime measurements, the very low signal levels lead tpoom temperature intensity. It is well known that thermal
increased uncertainty at higher temperatures. . P . y . . .
quenching of the Ef emission is significantly less in wide
band gap materiaf:3? In fact, the 1.54um intensity is
Lo the bound exci binat _ hnearly constant up to 400 K in 6H SiC:EE{~3.0 eV).**
E?slia4lto t e4| oun eX(_:l_ton recom ?ﬁt'ogf energy minus "®ne common explanation is that the Er-related trap position
. 1.3’(2f 15é2 tran?uon energy. he _trT:n5|t|10r1Tﬁn- varies such that energy back transfer is greatly diminished in
€rgy 1S Indepen ent orpressure, as shown in Fig. . Thus, tr\53ide band gap hosts. However, in view of the present study,
experimental results indicate that the bound exciton recoMy o observed independence of the intensity at high tempera-

_tlm_watmn e?grgy IS m_crgi\fs_mglj with pr(_essu_re;] In th_'s_ mogeltures must actually be due to not only a reduction in energy
e rate of increase is difficult to specify with precision, lJtback transfer, but also a reduction of thermal dissociation of

IS Ilkely+t9 lie between 0.6 and 5 meV/kb:?\r. I WE asSUMene hound exciton. In support of this idea, there is a general
that EP* introduces an electron trap, the increasing boun rend of increasing free exciton binding energy with band

e;:_(:[ton regombmanon Tzn_ergy |m|?llles tk|1at thebEr-;eIated tra ap energy, as a result of the increasing free carrier effective
Shifts up in energy relative to the valence band at a ratq, ;5 4ng decreasing dielectric const4rithe coulombic

petwgen d0.6 dand_S meV/kba_lr. For compzlirigon,lﬂmi]nduc] binding energy at a localized rare-earth center may vary from
tion band edge increases in energy re ative to the valencg  + of 5 free exciton, but the trend is likely still valid.
band at a rate of 10.7 meV/kb& Figure 8 shows the effect

of this pressure shift on the energy back-transfer process.
similar model for the pressure shift of the rare-earth relate
trap has been proposed for InP##’ and GaAs:Er,3° The characteristics of th# ;3,1 ,5Er" emission of
This model is consistent with other experimental andMOCVD GaAs:Er were investigated as a function of tem-
theoretical predictions for the shift rate of the Er-relatedperature and applied hydrostatic pressure. THé Emission
level. Takarabeet al. report a shift rate of+3.6 meV/kbar wavelength was largely independent of both pressure and
for the Er-related trap in GaAs:Er,8.Next, if we assume temperature, due to the shielded nature of the intfatrdn-
that the deep electron mixes states from all bands, aitions. The low temperature emission intensity was also in-
degeneracy-weighted average across the Brillouin zone givatependent of pressure up to and beyondIth¥ crossover,
a shift rate of+2.4 meV/kbar relative to the valence baiid. in contrast with the strong intensity increase observed in
Finally, if we assume the Er is substitutional on a Ga site Al,Ga _,As:Er alloys. This enhancement is most likely due
tight-binding calculations predict a shift rate of 1-4to a chemical effect related to the presence of Al, such as
meV/kbar®® All of these values are consistent with the residual oxygen incorporation, rather than a band structure
present study, and support the assignment of the secoraffect related to the indirect band gap or larger band gap
guenching process as energy back transfer. energy.

?\/. SUMMARY
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