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Defect-related density of states in low-band gap In  ,Ga; _,As/InAs ,P;_,
double heterostructures grown on InP substrates
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We have measured the excitation-dependent radiative efficiency in a set of lattice-matched
In,Ga, _,As/InAs,P, _, double heterostructures incrementally lattice mismatched to InP substrates.
We find that the overall rate of defect-related recombination shows little change from the
lattice-matched case. However, the excitation-dependent transition between defect-related and
radiative recombination changes dramatically with mismatch. While a simple defect recombination
model assuming defect levels concentrated near the middle of the band gap fits well for the
lattice-matched material, the model does not fit the shape of the efficiency curve for the mismatched
structures. We show that the addition of band edge exponential tails to the defect-related density of
states gives a much better theoretical fit. 2002 American Institute of Physics.
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Thermophotovoltaid TPV) energy conversion systems defect-relatednonradiativg and radiative recombination in
that utilize broadband, blackbody-like radiators require highthe structuressee Fig. 1L The band gap energy in the active
performance, low-band gaf0.4-0.7 eV photovoltaic layer (E,) is determined from 77 K photoluminescence spec-
converters. Our approach to meeting this requirement in-tra. Since Auger recombination is slow at low temperatures
volves a converter design based on a lattice-mat¢h&t)  and defect recombination saturates at high carrier densities,
InAs,P; _,/In,Ga _,As/InAsP, _, double-heterostructure we scale the peak internal quantum efficiency to 100% at 77

device (LM when y=2.14x—1.14), which is grown lattice- K. The low-temperature, high-excitation result provides a
mismatchedLMM ) on an InP substrate with an intervening

compositionally step-graded region of In&s_,. The low-
band gap IgGa _,As alloy serves as the light absorber and LI I B B L

the LM InAs P, _, cladding layers passivate the interfaces 1 T=77 A
and confine carriers in the J6a, _,As material. Deleterious v v
effects of the LMM(e.g., dislocation formation and morpho- 7 v e o®®®. 1

logical defecty are alleviated by including an appropriate
number of —0.2% mismatch InA®,; _, steps between the
substrate and the double heterostructure.

The lowest band gajg~0.5eV at room temperature
In,Ga _,As alloys under investigation experience severg
to —1.7%) LMM, which usually leads to large increases in
the rate of defect-related recombination. For TPV applica-
tions, such an increase in carrier recombination is problem-

radiative
recombination
dominant region

Radiative Efficiency (20% per division)

atic because it reduces the conversion efficiency of the cells. S

Our step-graded design, combined with the passivation af- 1 a° 7
forded by LM InAsP;_, cladding layers, has resulted in defect-related =0.58eV
dramatic improvements in converter performance. In this let- ;?;Eg;’:ﬂ‘;’:on fg'gi Zx 1
ter, we explore the physical basis for these improvements by ;0180 oV
considering the effect of LMM on defect-related recombina- 7 . .
tion in the InGa, _,As layer. We report excitation-dependent UL L A SV B DR
radiative efficiency measurements on several different epi- 10 10 10 10
structures that range from the LM conditiox=f 0.53) where e-h Pair Generation and Recombination (cm”s™)
no grading is employed to step-graded structures accommo-

dating significant LMM(X=0.60, 0.72, and 0.38 FIG. 1. Internal radiative quantum efficien@ntegrated photoluminescence

. . . intensity divided by the excitation powevs the rate of electron-hole pair
We measure the radiative efficiency as a function of €Xyeneration and recombination in steady state. Structures are identified by the
citation power at 77 K to study the changeover betweennGaAs band gap energy at 77 K. All curves are scaled to 100% peak
efficiency and incrementally shifted by 20% for clarity. The solid lines are
included to emphasize the difference in the shape of the efficiency curve for
dElectronic mail: tigfroerer@davidson.edu the nominally lattice-matchede=0.80 eV) and mismatched structures.
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baseline for calibrating measurements at other excitation in- T
tensities. In the smallest band gdg,( 0.58 eV) alloy, onset 100 4
of the nonradiative Auger mechanism is evident at the high-
est excitation rates, even at 77 K. Nevertheless, the plateau in
the efficiency curve is wide enough to confirm that the ra- 80 1
diative efficiency is nearly 100%. Measurements at higher
temperatures, where the efficiency curves do not approach
100%, always have narrower excitation-dependent efficiency
peaks.

In Fig. 1, the radiative efficiency grows as the steady-
state electron-hole excitation rate approaches the threshold
for saturating the defect-related recombination mechanism.
While increasing LMM is expected to generate larger defect 204
densities, which typically augment the nonradiative process,

60+

40

Radiative Efficiency (%)

we find that this threshold shows little change from the LM L Fy Eneroy &

04
case. This observation is consistent with low-injection tran-

sient measurements, which show microsecond lifetimes in
similar structure$. The results are very unusual, but they

may be explained by another unique feature of the data
shown in Fig. 1. the shape of the efficiency curverc. 2. internal radiative quantum efficiency vs the steady-state rate of

changes dramatically between the LI\Eg(=O_80 eV) and electron-hole pair generation and recombination for the nominally lattice-
LMM (Eg= 0.74, 0.68, and 0.58 e\structures. matched structure. The theoretical fit to the data assumes a discrete DOS for

A simil h h b b di th defect levels, which is concentrated near the middle of the band gap as
S'.m' ar phenomenon has been o Se.rve '_n other Syss‘hown(Eu andE_ represent the valence and conduction band edges, respec-
tems with treated free surfacéhe effect is attributed to tively).

changes in the energetic distribution of surface states in the

band gap of the material. When the excitation is intermediate  yowever. as indicated in Fig. 3, the model does not fit

between the defect and radiative recombination dominateg,q shape of the efficiency curve for the LMM samples. We
regimes, the quasi-Fermi _Ievel§ for eIectr_o_nS and holes spli e developed a computer simulation based on the com-
away from the low-excitation pinned position and move 10-pjete recombination theory that allows for other distributions
ward their respective band edges. The quasi-Fermi levels dgt energy levels associated with defects. For the LMM struc-
termine the energy range of defect states that contribute tQyres, we find that addition of band edge exponential tails to
recombination. Thus, the photoluminescerie) efficiency he defect-related density of statd0S) gives a much bet-

in this transition region is very sensitive to the energeticie theoretical fi(see Fig. 3 A similar distribution was used
distribution of defect states. Variation in the slope of thei fit the results of transport measurements on amorphous
efficiency curve with increasing excitation is used to map thejjicor® and AlGaAs/InGaAs/GaAs heterostructufedhe

distribution of defect states within the gap. tail states can be attributed to local distortions of the bonding
The statistics of recombination through defect states de(:onfiguration in the interface regidn.

pends strongly on the position of the associated energy levels
within the band gaf.When a carrier is captured at a defect
site, the escape probability depends on the proximity of the

10" 107 10% 10%
e-h Pair Generation and Recombination (cm®s™)

trap energy to the corresponding band edge. If all of the 1907 G I so2e=
defect levels are concentrated near the middle of the band g |
gap, the escape probability goes to zero and the defect- sol & : i

related Shockley—Read—Ha&BRH) recombination rate sim-

plifies to a linear dependence on the photoexcited density of S
electron-hole pairs. Since the radiative rate is proportional to g 60 T

the square of the carrier density, the radiative efficiency is k2

iven b i
g y g 40+ E, Energy Ec 1

, g

Bn?/N s
n=————>—, 20 -

An+ Bn?/N

wheren is the photoexcited carrier density aAdandB are 04 -7

coefficients that describe the strength of the SRH and radia- : I E—
tive mechanisms, respectively. The photon recycling falstor 10" 107 10% 10%
accounts for the possibility of PL reabsorption in the active e-h Pair Generation and Recombination (cms™)
region and connects relative external radiative efficiency

measurements with the internal guantum ef'ficiency. A§:IG. 3. Internal _radlatlve guantum eff|C|en_cy vs the steady-state rate _of
electron-hole pair generation and recombination for a moderately mis-

shown in Fig. 2, this simple defect recombination model fitSmatched structure. The theoretical fits correspond to the defect-level DOS

rather well in the LM case. functions indicated in the inset graphs.
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distribution. Hence, a flat distribution is also inconsistent
1001 @ saxi0voms” 11 ® e 1 with our LMM results. We can generally conclude that the
19X ems LMM structures have a relatively high concentration of de-
10° 1 i fect levels near the band edges. Deep level transient spec-
—~ | troscopy experiments are underway to verify the DOS pro-
< 10 ! files indicated here.
- Dieorea] ¢ In conclusion, radiative efficiency measurements show
5 1074 : 1r 1 surprisingly low SRH recombination rates in our LMM
ap ) : structures and the physics underlying this special behavior
K 107 i 110 1 has remained largely a mystery. However, the results re-
: ported in this letter contain a unique feature that may explain
L B B I ] the superior performance of this system: the shape of the
o Exponential efficiency curve changes dramatically between the LM and
107°00 02 04 06 00 02 04 06 LMM cases. Good theoretical fits are only obtained when the
Energy (eV) Energy (eV) distribution of defect states in the LMM structures is as-

sumed to be fundamentally different from that of the LM
FIG. 4. Defect-related DOS functiorfdivided by the capture time) used ~ System. We find that defect states are concentrated near the
to obtain the theoretical fits shown in Fig. 3. Energy is measured from thepand edges where they are less likely to facilitate nonradia-
valence band edge. tive recombination. This discovery represents an important

step in understanding what distinguishes these states from

Details of the DOS functions used in the theoretical fitsthe nonradiative centers that are typically found in LMM
are shown in Fig. 4. The capture timeis defined as the €pistructures.

reciprocal of the probability per unit time that a carrier will
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