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Ballistic hole emission luminescence
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Using a method complementary to ballistic electron emission luminescéBEEL), we
demonstrate tunnel-junction injection of sub-band-gap holes into the valence band of a
semiconductor heterostructure to generate band-gap luminescence. This mechanism can be used in
a scanning-probe geometry for the development of a simultaneous hole transport and luminescence
microscopy ofp-type Schottky devices. @004 American Institute of Physics
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Ballistic electron emission luminescen@EEL) utilizes 20 nm p-type GaAs cap layer doped tox210'7 cmi3. All
tunnel-junction injection of hot electrons ballistically n-type doping is with Si, allp-type doping is with Be. A
through a metal base and into a specifically desigméeh ~ schematic band diagram of the unbiased collector hetero-
heterostructure collector for subsequent band-gap luminestructure, with surface tunnel-junction hole emitter, is shown
cence. This technique has been used in the solid state fon Fig. 1(b).

light-emitting metal base transistoréyminescent spin-valve Although the band-diagram of the BHEL collector is
transistor$, and with a scanning tunneling probe in the de-_nearly the inverse of the BEEL band diagram, there i$ one
velopment of a sophisticated hot-electron microscbby. important difference between BEEL and BHEL devices:

In BEEL, electrons tunnel across the insulating tunneltunnel-junction carrier emission energy distribution. Elec-
barrier(whether it be an oxide or vacuyro convert poten-  trons have a higher probability of tunneling from emitter to
tial energy from a negative electrical voltage bias applied tdase through a barrier as their energy is increased; in BEEL,
the emitter into kinetic energy in the base, as in Fig).1If this results in an emitted electron energy distribution peaked
this energy exceeds the Schottky barii®B) at the metal- near the emitter Fermi energy. Hot electron injection into the
semiconductor interface below the tunnel point, and the basgemiconductor collector is then relatively likely if this energy
is thin enough for ballisti¢no scatteringtransport, a signifi- €xceeds the SB between the base metal Fermi energy and the
cant fraction of the tunneling electrons can be injected inté€miconductor collector conduction band. When the dopant
the p-i-n semiconductor collector. Although Fig(a shows type and tunnel junction bias is reversqd in a BHEL dewcg,
an unbiased collector, to allow the injected electrons to findE'€ctrons now tunnel from base to emitter, and the peak in
holes from thep-type layer for radiative recombination, a €nergy distribution is near the Fermi energy of the base,
positive voltage bias must be applied to the collector, pullingt'0Se to the middie of the band gap. Hot holes left behind by
the conduction band down and canceling the built-in fieldtunneling electrons have an identiqalot inverted energy
between then- and p-type layers.

It may seem trivial to reverse both the doping profiles in (a)
the design of the collector heterostructure and the polarity of
operating voltages to repeat this process using hole injection.
However, this type of mirror charge complementarity is im-

S S pt+-type
portant for applications where one type of carrier injection is :
deemed more desirable. This could be either for device op-
eration reasons or because material restrictions do not permit
n-type layers grown on top of heavily dopgetype layers
due to dopant diffusion and subsequent defect formation. In
this letter, we report on a ballistic hole emission lumines-
cence(BHEL) device based on AlGaAs/GaAs, completely
complementary to previously published BEEL devices.

Our heterostructure device was grown via molecular
beam epitaxy with the following structure: heavily doped
n-type GaAs substrate, 300 nmtype GaAs buffer layer
doped to 5< 10* cnT3, 300 nmn-type Al 36Ga, 7¢As doped
to 5x 108 cm™3, 10 nm GaAs undoped quantum weQWw),

100 nmp-type Aly 3dGa, -0As doped to 2 10Y cmi3, and a

FIG. 1. Schematic band diagram for a BEEL devi@, and for a BHEL

device,(b). The emitter is shown biased, and the collector unbiased in both.
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FIG. 2. Injected hot hole collector current as a function of the emitter andFIG. 3. Ballistic hole emission luminescence at constant emitter bias
collector voltage biases for the ballistic Hole Emission luminescence devic€1.375 V), for several collector biases at 77 K. The gray line indicates the
at 77 K. blueshift caused by th¥_,ecorinduced quantum-confined Stark effect.

distribution, peaked far away from the valence band edgegcé’gegc\’;) ove; :Ltg(a?Sr;\i/ng\?vitaofﬁn \$Olfé§6ﬁn_ic?r.16 Xsagfs
H P i . emitter . ) . -
This means that injected .holes must now originate from thecussed previously, the tunnel-junction resistance was chosen
exponentially attenuatethil of the energy distribution, not during fabrication to be very low to increase the injected
the peak(as in BEEL), resulting in a low emitter to collector collector current. AV....=0.95 and 1.375 V. the emitter
current ratio. In order to get significant collector currents incurrentl s .and eé“'“rﬁ;_\ }espective.l In t’his case. the
BHEL devices, the tunnel-junction resistance must theremr?esistanggngfr_the thin base’fiI(nvloo Q) )|/s not negligibl,e
.be low 0 give .h|gh em'“ef f:urrents..Thlls design concept "Wa8%0 a small but significant fraction of the emitter bias drops
incorporated into the critical fabrication step of tunnel- across it. This means that the SB, usually indicated by the
junction formation. ;o ' :
The wafer was processed using standard shadow-maéﬂi%sg%dv)'r}svga'ﬁglISﬁ)gv(\:/té? tgg; tlr?:inﬁh d?(;[a\t/é‘a”e“‘“
and photolithographic tichniques. After clt_eaning the surface At Consytantvemittery> SB. the collector current inc.reases
\év\'/? glrlzttiinN::tzl(k)]i'_Lh?/%cus:np}lo\l\;irsmdeap;;g%% wa;f;)zrgal only whenV g ector €XCeeds the voltage necessary to null the
P 9 o . M built-in field between then- and p-type AlGaAs layers, al-
Schottky contact. The spgqﬁp thlckne§s of this SCho.ttkyowing injected holes to reach the QW. This criteria is satis-
contact was chosen to minimize ballistic hole and emntecJﬁed at approximately —0.8 V Howev.er the base voltage
photog attenuation while ensuring a continuous film. Next,drop (whigﬁ increase); thé apbarent SB ’threshold/j,,n]mer g
'ﬁgr?oovecr)faAlzf)Jriig]af)fdtehioi}et?) \]fﬁrﬁlfgr%nsﬁzz;n er\éaﬁ)grr]a'spectroscopyadds to the effective collector voltage bias,
. P ) . . g region. lowering the measured,ector threshold. The actual intrin-
Unlike previous studies where tunnel junctions were used forsic value for the built-in voltage drop between the and
electron emissioh®® UV ozone oxidation was not applied. p-type layers is expected to bg higheF; than 0.8 eV
—~ 2 . = . .
e B e st pacs oot . O3 Shows, yical speta of nited minescence
. poratl : . : ¢aused by hot hole injection for various valuesvgfjiecior at
part_lally on Fhe .A£O3 insulator for bondlng without any in- a constanVmie=1.375 V. The photon energy evident from
tentional oxidation of the base layer. This was to ensure e fi ure(imllttzg e.\/) offe'rs another. simoler. exolanation
thinner oxide tunnel barrier and consequently less resistiv ) thge collect'or bias threshold wh'ich d%es’ noFinvoke a
tunnel junctions. The sample was then prozcessed into devmt(?and diagrant: Hot holes supply ,energy equal to the SB, so
X .' ) ’
mesas %m. high and of areaz?(_)o 790 pm* by patterning a collector bias corresponding &i leastthe energy of the
with photolithography and etching with NBH/H,0,/H,0 QW band gap minus the SB height is necessary to induce

L:1:5 for 60 s. and-gap photon emission. Although the emission wave-
Electrical contact to the collector substrate was made b)p 9ap p ’ 9

cold pressing an In contact to the back surface. All measure-
ments were performed using an optical cryostat at 77 K to T
reduce thermionic collector leakage below the measurement ;
sensitivity (10 pA). The luminescence was collected with a . R
0.2 NA lens, and the spectra were recorded with a Thermo- | ———
Oriel MS257 spectrograph with a cooled charge-coupled de- Ll L
vice (CCD) camera and a diffraction grating with 150 - L
lines/mm and a blaze wavelength of 800 nm.
Hot holes were injected into the collector valence band -
at the Schottky interface by positively biasing the emitter <
with respect to the base via an emitter volta®&miter- Con b < 1‘35\*1\
Electrons were injected into the conduction band through the o”"“tor BI'"‘ Py g -«s&‘ﬁ
. . L ag e
ohmic substrate contact by negatively biasing the collector m
via a,COHeCtor voltageVeoecton- FIG. 4. Ballistic hole emission luminescence peak heights measured simul-
Figure 2 shows a surface plot of the collector current asaneously with the data presented in Fig. 2. A collector bias threshold similar
a function of the two independent parametévgiier @Nd  to the threshold seen in BEERef. 1) is evident.
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length is higher than expected for quantum-well lumines-  The authors acknowledge support from the NSF under
cence, the slight blueshift in peak position with increasingGrant No #ECS-9906047. The work was supported in part by
Veoliector (Characteristic of the quantum-confined Stark effect an ONR MURI subawar@S0149463 from the University of
:ndlcgtes that the photons originate from the GaAs QWcgjifornia at Santa Cruz.

ayer.

In Fig. 4, we present the magnitude of the band-gapy appelbaum, K. Russell, V. Narayanamurti, D. Monsma, C. Marcus, M.
luminescence which was collected simultaneously with the Hanson, A. Gossard, A. Gossard, H. Temkin, and C. Perry, Appl. Phys.
collector current data shown in Fig. 2. The two surface plots Lett. 82, 4498(2003.
share the sam¥epmiiter aNd Vegjiector dEpENdence, further in- 2. Appelbaum, K. Russell, D. Monsma, V. Narayanamurti, C. Marcus, M.
dicating that the luminescence is a result of the injected hot Hanson, and A. Gossard, Appl. Phys. Le88, 4571(2003.
hole current. 3. Appelbaum, K. Russell, M. Kozhevnikov, V. Narayanamurti, M. Han-

In conclusion, we have demonstrated a luminescent hotSon. and A. Gossard, Appl. Phys. Le&4, 547 (2004.
hole tunnel-junction transistor which operates complemen- - Yi, I. Appelbaum, K. Russell, V. Narayanamurti, M. Hanson, and A.
tary to BEEL. This device may enable design of an alterna-,_0°5ad: APpl- Phys. Lets5, 1990(2004.

5 .
. . S . I. Appelbaum, K. Russell, D. Monsma, V. Narayanamurti, and C. Marcus,
tive class of light-emitting devices and add to the develop- Appﬁ)pphys Lett.83, 3737(2003 ’

me_m of BEI_EL-type scanning microscopy for materials in °K. Russell, I. Appelbaum, H. Temkin, C. Perry, V. Narayanamurti, M.
which the simultaneous study of local hole transport and panson, and A. Gossard, Appl. Phys. Le82, 2960(2003.

radiative emission are of interest or where restrictions exist’p. Miller, D. Chemla, T. Damen, A. Gossard, W. Wiegmann, T. Wood,
on the doping layer sequence. and C. Burrus, Phys. Rev. Leth3, 2173(1984).



