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Optical and Electrical Properties of Te Doped AlGaAsSb/AlAsSb Bragg Mirrors on InP
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We present a comparative study carried out on the optical and electrical characteristics of undoped and Te
doped AlGaAsSh/AIASSb Bragg mirrors with 6.5 pairs of layers and bulk undoped and Te doped AlGaAsSb
epilayers aloys lattice matched on InP, grown by molecular beam epitaxy, using SIMS, photoluminescence,
reflectivity and IxV techniques. The temperature dependence of PL transitions observed in the Bragg mirrors
aresimilar to that observed in bulk samples and associated with the donor and acceptor recombinations in alloys
with electrostatic potentia fluctuations described by quasi-donor-acceptor-pair (QDAP) models. We verified
by SIMS the presence of a macro fluctuation in the Te profile concentrations in the growth direction of the
doped Bragg mirror. The influence of doping, alloy and macrofluctuation of incorporated Te on the optical and
electrical properties of doped Bragg mirror is analyzed. The AlGaAs/AlASSh seems a very attractive option for

VCSEL technol ogy.
Keywords: Semiconductor; Bragg mirror; AlGaAs/AIASSb

I. INTRODUCTION

Semiconductor materials of the (Al)GaAsSb family lattice
matched on InP have been used for heterojunctions struc-
tures employed in optoelectronic devices in the range of 1.0
um e 2.0 um [1-3]. Due to their high refractions index con-
trast systems, the Sb materials such as AlGaASSb/AIASSh [4]
and GaAsSb/AlAsSD [5] are considered good alternatives for
the preparation of distributed Bragg mirrors (DBR) [6], akey
component in optoel ectroni ¢ devices as vertical -cavity surface
emitting lasers (VCSEL).

In ternary and quaternary alloys employed in the prepara-
tion of DBRs, the phase separation resulting from miscibil-
ity gaps induces compositional inhomogeneitiesin the crystal
[7, 8]. The average potential depth increases with the number
of components in the alloy and can act on optical and elec-
trical properties of devices by creating scattering centers to
transport charge carriersand/or band tailsin the band gap. Itis
shown, for example, that the presence of Al in the quaternary
AlGaAsSh aloy increases the fluctuation of the electrostatic
potentia in the epitaxial layer as compared to the observed in
the ternary GaAsSh [9].

The required propertiesfor DBRs are areflectivity exceed-
ing 99% and a low electrical serial resistance. High reflec-
tivity is accomplished by employing materials with a high re-
fractive contrast (An) and a sufficient number of quarter wave
layers. Low electrical resistance reguires a sufficiently high
doping level and alow potential discontinuity AEc in the band
conduction (AEv in the band valence) for n-type (p-type) [10]
mirrors. However, systems with high An also present a high
band discontinuity (AEg) which is not favorable to the current
flow through the heterointerfaces. Raising the doping level
will lower the seria resistance at the expense of an increase
in free carrier absorption and a series of changesin the phys-
ical properties of the semiconductor materials as a reduction
in impurity ionization energy [10-12], a shift in the funda-

mental absorption edge [13-15], an increase in the density of
the states in the vicinity of the band limits and a reduction
in the fundamental gap [16, 17]. Then a compromise must
be found to achieve the high reflectivity and the low resis-
tance at the same time. High quality undoped quarter wave
stacks transparent to 1.55 um wavelength were realized using
Al,Gay_,As,Sby_, lattice matched to InP with x around 0.10
[18, 19]

The quaternary aloy Al,Ga;—,As,Sby_, lattice matched
on InP presents a direct T" valey for 0 < x < 0.40. For
AlAs,Sby_, lattice matched on InP the lowest conduction
band valley is the indirect X for any y value. The conduc-
tion band off-set AE¢ (I'-X) in the AlGaAsSh/AlAsSh system
is approximately =2 470 meV in the typical Al concentration
for Bragg mirror operating in the 1.55 um range (x = 0.1).
A relatively high doping level and/or some metalurgical inter-
vention at theinterfacesin the structure are needed to improve
electrical conduction.

Dueto thelow Al concentration required to preparethe 1.55
um Bragg mirror with AIGaAsSh/AlIASSD, the properties of
the quaternary alloy are similar to those of the ternary aloys
GaAsSh. Nominally undoped GaAsSb shows non-excitonic
residua acceptor impurity related to native defects as gal-
lium vacancies and gallium on antimony sites (V g, Gag;,) with
concentrations of 1016cm=3. PL measurements on undoped
GaAsSh/InP and AlGaAsSh/InP show a dominant transition
identified as DAP (donor-acceptor-pair) associated with the
electrostatic potential fluctuations in agreement with QDAP
model. QDAP transitions are also identified in PL measure-
ments of Te doped AlGaAsSh grown by molecular beam epi-
taxy lattice matched to InP. In doped and compensated ma-
terials, the random distribution of donor and acceptor impu-
rities also causes a fluctuation of the electrostatic potential
in the semiconductors layers. The conduction and vaence
bands are distorted by the random potential , and the behav-
ior of PL transitions can be explained by the QDAP model.
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The potential fluctuations associated with the compositional
inhomogeneity and/or donor and acceptor impurities can in-
terfere in the transport an optical properties of the aloys em-
ployed in the preparation of DBRs. Therefore the study of
the electrical and optical properties of undoped and Te doped
AlGaAsSh/AIAsSh Bragg mirrors compared to those of un-
doped and doped mirror component epilayers of AlGaAsSbis
important for the devel opment of V CEL s technology.

Here we report a systematic experimental work to make
comparisons between the optical electrical and optical prop-
erties of bulk undoped and Te doped layers of AlGaAsSh and
undoped and Te doped AlGaA sSb/AlAsSb Bragg mirrorsem-
ploying Secondary |on Mass Spectometry - SIMS, photolumi-
nescence (PL), reflectivity and IXV measurements.

II. EXPERIMENTAL DETAILS

Undoped and Te doped AlGaAsSb/AIAsSh Bragg mirrors
with 6.5 pairswere grown by MBE lattice matched on a (100)
InP:Fe and (100) InP-n substrates, respectively. Te doped
bulk AlGaAsSb and AlAsSb samples lattice matched on a
(100) InP:Fe were also grown by MBE. The carrier concen-
trations in the Te doped samples (2210%.cm~3) were deter-
mined by Hall measurements, at room temperature, using Van
der Paw methods. Details of the sample parameters such as
aloy composition, doping levels and structural parameters of
Bragg mirrors can be seenin Table .
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! 125eV
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0.31 e'\{
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FIG. 1: - a) Structure diagram of the Bragg mirrors; b) Potential
profile diagram of the conduction band in undoped Bragg mirror;
c) Potentia profile diagram of the conduction band in doped Bragg
mirror.

)

The structure of Bragg mirrors with 6.5 pairs and the con-
duction band diagram for one period of undoped and Te doped
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AlGaAsSh/AIAsSh samples are shown in Fig. 1a), 1b) and
1c), respectively. The band conduction alignment with the
offset between Alg.1Gag 9A Sy 52 S0 .48, AlASy 56Sb0.44 (X val-
ley in dotted lines) and the substrate InP are also shown in
Fig. 1b). The concentration profile of aloy constituents and
the Te doping were obtained using SIMS.

PL measurementswere performed in the temperature range
of 10 K to 300 K, using the 514.5 nm line of a continuous
wave ArT laser, with different excitation intensities. Temper-
ature variation was obtained by a closed-cycle helium cryo-
stat. The spectral analyses of the luminescence measurements
were carried out by a 0.5 m Jarrel-Ash spectrometer, coupled
to a cooled InGaAs photodetector, using the standard lock-in
technique.

Experimental reflectivity was measured with a Fourier
transform infrared spectrometer (FTIR) in the so-called VW
configuration. This configuration provided an absolute mea-
surement of the reflectivity and the real shape of the reflectiv-
ity spectrum with quantitative values at a 0.2% level of accu-
racy.

The n-type doped Bragg mirror was metallized with Ti/Au
ohmic contacts evaporated on the top and on the bottom of
the sample. The sample was patterned with 100x100 um?
square mesas etched by an H2S04:H205:H20 solution. The
substrate underside was thinned to 150 um to decrease the
substrate contribution to the electrical measurements. The
current-voltage (IxV) dc characteristic is made by the trans-
mission line method (TLM) measurement.

III. RESULTS AND DISCUSSION

The SIMS profile of Te concentrations in bulk Te doped
AlAsSh and AlGaAsSh (dotted lines) aloys prepared with
similar growth conditions as that analyzed in this work is
shown in Fig. 2a). The two samples show a uniform pattern
for the doping level of tellurium with the depth in the growth
direction. The SIMS profile of the constituent materials (Al,
Ga, As, Sh, Te) of the Te doped AlGaAsSb and AIAsSh layers
of Bragg mirror of 6.5 periods are presented in Fig. 2b). The
incorporated Te shows a periodic fluctuation in the growth di-
rection which is not observed in the bulk samples as shown
in Fig. 2a). This unexpected fluctuation in the n-type dopant
concentration can be associated with the growth process. The
temperature of tellurium Knudsen cell in the growth cham-
ber (22185°C) is very low when compared to the characteris-
tic temperatures of Knudsen cells for other materials as Al (
21100°C). The on/off control of shutters located in front of
the Al cells, should interfere in the temperature conditions of
the Te cell. The automatic system normally found in growth
chambers to control the stability of the temperatures should
change the temperature of the Te cell and therefore of the ma-
terial flux for atime interval. However, thisis a speculation
that needs experimental corroboration. There is no evidence
that Te activity (and probably the Te incorporation) depends
on the Al mole fraction [18]. The same pattern in the SIMS
profile is observed in other Te doped Bragg mirror samples
with 6.5 pairslayers grown in the same or other growth series.
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TABLE I: Stoichiometric composition, thickness and Te concentration of the Al,Ga; —,As,Sb; , bulk samples and AlGaAsSb/AIAsSb Bragg

mirror with 6,5 periods.

Bulk samples | Nominal thickness( nm) Z?ngit;g; Sby, Carrier concentration (cm‘3)
X y
76N46 >~ 600 0,08 0,51 undoped
76N39 =~ 600 0,08 0,51 2,4x10%8
Mirror samples l;\llcgn;/r;asls’gnckness/(a\?pgst) total AlGaAsSh/ AlAsSh
17Q29 111,5 130,8 1565 0,10 0,51 undoped
17Q44 108,3 127,1 1521 0,10 0,51 3,0/1,8
— iaj A L L L S S NS ternary AIAsSD alloy is pratically transparent in the 1.55 yum
G e AlGaAsSb region. The PL spectra of undoped bulk sample (Fig. 3a) and
£ " ———AlAsSb undoped Bragg mirror (Fig. 3b) show very similar lineshape
Lk { | at 10K and 300K . The energy shift between the PL transitions
g and the broadening of emission spectrum in the Bragg mirror
= : as compared to that obtained in the bulk aloy isaresult of the
S higher Al concentration in the Bragg mirror (see Tablel).
g (E1sh | The PL spectra of Te doped bulk sample (Fig. 3c) and Te
o E doped Bragg mirror (Fig. 3d)) show similar results. The PL
g principal peak of Bragg mirror is shifted afew meV to higher
O energy and show higher broadening as compared to that ob-
O tained for the bulk sample. This is a consequence of higher
= 1E17 L L L L L L L L Al concentration and higher doping level in the Bragg mirror
epilayers (8% Al and 2,4x1018.cm~2 in the bulk versus 10 %
o Al and 3,0x10%.cm~2 in the mirror).
E 1E20 The PL spectra of undoped Bragg mirror at 10K with ex-
2 citation intensity variation in the range 0.57 W/cm? to 532
= W/cm? in linear and log scale are presented in Fig. 4a) and
.S 1E19 Fig. 4b), respectively. The dominant PL transition shiftsto a
= higher energy region with increasing excitation intensity. In
*E' PL spectra obtained at low temperature, the increase in the
Q 1E18 5 excitation intensity rises the number of photogenerated free
8 carriers that screens the electrostatic potential, decreasing the
Q amplitude of potential fluctuationsand, consequently, increas-
© 1E17 T, (L ing the energy of the emission peak. The spectrain log scale

04 06 08 1.0 12 14 16

Depth (um)

00 02

FIG. 2: @) Te concentration profilein AIAsSb and AlGaAsSh doped
bulk samples, growth in similar conditions at the doped bulk samples
analised in this work; b) Concentration profile of the elements that
compose th doped homogeneous Bragg mirror 17Q44.

Figure 3 showsthe PL spectraat 10K and 300K of undoped
bulk AlGaAsSh alloy (76N46) and n-type Te doped bulk Al-
GaAsSb (76N39) with carrier concentration of 2.4x1018.cm—3
in comparison with PL spectra of undoped Bragg mirror
(17Q29) and Te doped Bragg mirror (17Q44) with a carrier
concentration of 3.0x108.cm~2. The analyzed spectrain the
Bragg mirror are related to the AlGaAsSh |layers because the

show a secondary peak at =233 meV associated with a LO-
phonon replica [20] below the principal transition visible for
excitation intensities higher than 10.6 W/cm?. A set of PL
spectrawith excitation intensity fixed at 532 W/cm? recorded
at increasing temperature for the undoped Bragg mirror is
shown in linear scale in the Fig. 4c) and in the log scale in
Fig. 4d). The dominant PL peak energies show acharacteristic
inverted“S” behavior as reported elsewhere for bulk samples.
The secondary peak at =33 meV of the principa transition
can be also seen in the log scale spectra still at 50K.

The PL spectra of Te doped Bragg mirror as a function of
intensity and temperature can be seen in Fig. 5. In Figs. 5a)
(linear scale) and 5b) (log scale) we have the spectra obtained
at 10K with laser excitation intensity between 1.06 W/cm? and
532 W/cm?. The PL peak is very broad, suggesting the pres-
ence of another transition in the lower energy region. This
transition is more evident at 5.7 W/cm?2. The PL spectra at
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FIG. 3: Photoluminescence curve obtained with laser intensity at 532
W/cm? and temperature between 10 K and 300 K, for samples: a) Al-
GaAsSh undoped bulk (76N46); b) undoped Bragg mirror (17Q29);
¢) doped bulk AlGaAsSb (76N39); c¢) homogeneous doped Bragg
mirror (17Q44).

excitation intensity of 532 W/cm? as afunction of the temper-
ature are shown in Fig. 5¢) in alinear scale and in Fig. 5d) in
alog scale. The set of PL spectrain the linear scale shows
an explicit “S’ behavior for the dominant transition with in-
creasing temperature similar to that observed for undoped and
Te doped bulk samples of antimony family epilayers analyzed
elsawhere [21]. The PL spectra presented indicate two tran-
sitions, one with lower energy peak transition more intense at
higher temperatures.

The temperature dependence of the PL dominant peak en-
ergies of undoped (76N46), Te doped (76N39) bulk samples
and undoped (17Q29) and Te doped (17Q44) Bragg mirrors
in the 10K-300K range for intensity excitation of 532 W/cm?
are shown in Fig. 6a). The temperature dependence of dom-
inant transitions in undoped samples is very similar, showing
aweak blue shift (1-2 meV) at low temperatures (T <100K).
The behavior of the PL peak energies of Te doped bulk al-
loy as afunction of the temperature showsaweak “S’ pattern
with thefirst red shift of =4 meV until T =250K. The peak en-
ergy of n-type AlGaAsSh layersin the Te doped Bragg mirror
shows a stronger “S” behavior with the first red shift of =13
meV to T =50K. The“red/blue/red” behavior is characteristic
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of materials with electrostatic fluctuations and is stronger as
the amplitude of the potential fluctuation grows. This effect
can be observed in undoped GaAsSh and AlGaAsSb samples
[9]. The presence of Al in the quaternary alloy increases the
fluctuation of the electrostatic fluctuation, increasing the vari-
ation of recombination energies as a function of temperature
thus decreasing intensity excitations at low temperatures and
reinforcing the “S’ behavior. Here the presence of the unex-
pected macro fluctuation in the incorporated Te observed by
SIMS in the doped Bragg mirror can explain the stronger “S’
behavior in the temperature dependence of PL transitions.

Figure 6b) shows the temperature dependence of the
FWHM (Full Width Half Maximum) in al samples. The
doped samples shows a stronger broadening (=240 meV) as
compared to that observed for undoped samples. The FWHM
of the emission spectra of al samples shows an increas-
ing broadening in the 10K-300K temperature interval. The
stronger broadening observed for undoped Bragg mirror as
compared to the undoped AlGaAsSh layer can be associated
to the higher Al concentration in the quaternary layer of the
mirror. The behavior of FWHM as a function of the tempera-
ture, in the two doped samples present some differences. The
FWHM of the doped layer is very similar to that of the un-
doped with increasing temperature. The FWHM of the Bragg
mirror shows a gradua increasing with increasing tempera-
ture, reaching a plateau in the temperature range between 50K
and 100K and increasing again after the plateau. The plateau
observed indicates two competing recombination channelsin
the respective temperature range. One channel is dominant
at the low temperature limit and the other is dominant at the
high temperaturelimit. Thisisa characteristic behavior of the
competition between donor-acceptor-pair or a quasi-donor-
acceptor-pair transitions and free to bound transitions with
increasing temperatures discussed more systematically else-
where for the antimony family [9].

Reflectivity measurements for both undoped and doped
Bragg mirrors are shown in Fig. 7. Results show that even
for a small number of periods it is possible to obtain a rel-
atively high reflectivity and a wide stop band for the Al-
GaAsSh/AIAsSh system. Thisis associated with the high in-
dex contrast (=20.54) between the quaternary and ternary al-
loys. The highest reflectivity (widest stop band) was obtained
for the undoped Bragg mirror, however the reflectivity differ-
enceis not very large between the two mirrors changing from
0.91 (0.39 um) for the undoped mirror to 0.90 (0.37 um) for
the doped mirror. The decrease in reflectivity in the doped
sample is associated with a free carrier absorption due to the
presence of Te.

The current versus voltage characteristic, perpendicular to
the interface, in the doped Bragg mirror is presented in Fig. 8.
At acurrent density of 1KA/cm?, atypical threshold value for
an edge-emitting laser, avoltage drop per period of 138 mV is
obtained. The current flow is limited by the potential barriers
formed at the interface between quaternary and ternary aloys
determined principally by the conduction band off set (~0.470
€V) and the doping level of the material system. Then the
transport properties are dominated by the T'-X barrier height.
The macro fluctuation observed by SIMS introduces a dis-
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FIG. 4: Photoluminescence curve with laser intensity and temperature dependences, for undoped Bragg mirror sample (17Q29).
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FIG. 5: Photoluminescence curve with laser intensity and temperature dependences, for doped Bragg mirror sample (17Q44).

turbance in the conduction and valence band edges causing tuations of the dopant detected by SIMS and, principally, by
strong electrostatic fluctuations and/or scattering centers that the high off set of the conduction band in the InP/AlGaAsSh
can also contributeto anincreasein serial resistance. The non- interface, asseenintheFig. 1. Theinjection of carrierscan be
completely ohmic character of theIxV curve can be associated improved by using modulation of the doping profile or grad-
with several factors such as the asymmetric incorporation of ual compositional variation of the components in the Bragg
Te, higher at the end of the quaternary layer due to macrofluc- mirror at the heterointerfaces. The growth conditions can be
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FIG. 6: Energy and FWHM dependences of main peak of PL withthe
temperature, for undoped bulk AlGaAsSh (76N46), doped bulk Al-
GaAsSb (76N 39), undoped Bragg mirror (17Q29) and doped Bragg
mirror (17Q44), obtained with laser intensity at 532 W/cm?.
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FIG. 7: Reflectivity curves for DBRs samples with 6,5 periods, ob-
tained at 300 K.
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FIG. 8: Current x Voltage curve of the homogeneous doped Bragg
mirror (17Q44) at 300 K.

also optimized to improve the reflectivity and conduction pa-
rameters.

IV. CONCLUSION

We have investigated Bragg mirrors of undoped and Te
doped AlGaAsSb/AlIAsSh system with 6.5 periods and un-
doped and Te doped bulk samples of AlIGaAsSb using SIMS,
photoluminescence, reflectivity and IxXV measurements. The
optical transitions in the PL spectra of AlGaAsSh layers in
undoped and Te doped Bragg mirror show similar behavior
and lineshape to that found in bulk samples of undoped and
Te doped AlGaAsSh. The optical transitions are associated
with donor and acceptor recombinationsin alloys with poten-
tia fluctuations consistent with the quasi-donor-acceptor-pair
(QDAP) model. The macrofluctuations in the incorporated
Te, associated probably with the growth process, introduce
another source of disturbance that intensify the electrostatic
potentia fluctuation in addition to the characteristic edge band
variations given by the alloy and by doping raising the ampli-
tude of the “S” behavior. The presence of macrofluctuations
in the dopant incorporations can also generate aternative re-
combination channels and/or scattering centers harmful to the
optical and electrical properties of the Bragg mirrors. More-
over, the asymmetric pattern of the dopant incorporation can
facilitate the electron conduction in one direction.

The doping level employed, the standard el ectrostatic fluc-
tuations generally found in undoped and doped aloys due the
presence of a high number de components in the alloys em-
ployed , and the dopants and the macrofl uctuation observed in
the Te incorporated in the Te doped Bragg mirror seem not to
affect itsreflectivity much. Thisisassociated to the highindex
contrast (220.54) between the quaternary and ternary aloys of
the AlGaAsSb/AIASSh system. Hence, the AlGaASAIASSh
seems a very attractive option for VCSEL technology. More
systematic work is needed to optimize growth conditions and
to the improvement of charge carriers injection at the inter-
faces.
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