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The Roughness-Enhanced Light Emission from M etal-Oxide-Silicon Light-Emitting Diodes
Using Very High Vacuum Prebake
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The oxide roughness of metal-oxide-silicon diodes can be intentionally controlled by the very high vacuum pre-bake and the
growth conditions during rapid thermal oxidation. Both surface and Si/oxide interface have the similar magnitude of roughness
measured by atomic force microscopy, indicating the conformal growth of oxide. At accumulation bias (positive gate bias), the
holes tunnel from gate electrode to n-type Si through the ultrathin oxide, and recombine with the electrons in the accumulation
region radiatively if phonon scattering and roughness scattering provide the necessary momentum. The light emission intensity
increases with increasing oxide roughness. Strong electroluminescence with an external quantum efficighgyld@f ® at

room temperature was observed from a rough metal-oxide-silicon tunneling diode. [DOI: 10.1143/JJAP.41.L326]
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The Si-based optoelectronic devices attract great attentioras baked in hydrogen at 10@ for 1 min. Note that this
to process optical signal on the silicon chipwith poten- very high vacuum bake should yield a rough and clean Si sur-
tial applications such as optical interconnéctnd optical face!'? The oxide growth was conducted after the hydro-
communication. Based on pn junctions, two different Si lighgen bake, and subsequently nitrogen post-oxide-anneal was
emitters have been reported. A narrow-band infrared emittperformed at 900C for 10 min. The oxide thickness is mea-
with photon energy of silicon bandgap was implemented usured by ellipsometry. The roughness is measured by atomic
ing a pn junction under forward bias with an external quanturforce microscopy (AFM) and its magnitude is defined as the
efficiency of~ 10-4.3 Very recently, the band-edge emissionroot-mean-square of height variation. The surface roughness
from a simplified structure of pn junction with similar effi- on the oxide is measured right after the oxide growth, and the
ciency is also reportetl. Another broad (450-850 nm) visi- Si/oxide interface roughness is measured immediately after
ble light emitter was realized using an avalanche pn diode tite oxide removal of the same samples by HF dip. The ellip-
reverse bias with the reported external quantum efficiency sbmetry confirms little native oxide growth after AFM mea-
~ 10783 and~ 10-6.9 For metal-oxide-silicon (MOS) struc- surements for both conditions. The surface roughness and in-
tures, both the infrared band-edge emis8i@nd the broad terface roughness have similar magnitude (Fig. 1). This indi-
visible emissiof are also observed at accumulation biascates the conformal growth of the rapid thermal oxidat®n.
Note that the same MOS tunneling structure biased at dedjote that our AFM can not resolve the spatial spectrum vari-
depletion region can be also used as a photodetéctdr. ation of these samples. However, ultrathin thermal oxide has
though there is a concern of the reliability of utrathin oxidesimilar bandwidth in the interface roughness spectra as mea-
in the MOS structure, the incorporation of deuterium into theured by atomic force microscopy(AFM) and mobility mea-
oxide has been demonstrated to improve the degradationsafrement® The PMOS (p-channel) LED has Al gate elec-
light emission intensit§) Due to the indirect bandgap naturetrodes with circular areas defined by photolithography. An-
of Si, additional momentum is required for the light emis-
sion process. The phonon scattefirand the oxide roughness
scattering® can provide the additional momentum for the ra- =~ 167 T T L L L ]
diative electron-hole recombination at oxide/Si interface. In E 1.4} .
this letter, an effective way to increase the oxide roughness g 12l
by very high vacuum pre-bake before rapid thermal oxidation ]
is demonstrated. The light emission intensity increases with £

the magnitude of oxide roughness up to the external quan-g’ 0.8 -

tum efficiency of 2x 106 for the MOS light-emitting diode @ ogf ~—slope =1 ]

(LED). 8 oak ]
The ultrathin gate oxide was grown by rapid thermal ox- & ™ n

idation on 1-1®2-cm n-type wafers at the 800900 The % 0.2 y

gas flows were 500 sccm nitrogen and 500 sccm oxygen at é= g g k L T—— L L L L
reduced pressure. After a HF dip, the wafer was transferred 00 02 04 06 08 10 12 14 16
to the process chamber through the load-lock chamber, anc Surface Roughness (nm)

wasin situ baked in the very high vacuunx@ x 1076 Torr,
maintained by a turbo pump) at 10@) and then, the wafer

Fig. 1. The plot of surface oxide roughness vs interface roughness between
Si/oxide. The linear relationship indicates the conformal growth of rapid
thermal oxidation.
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o Fig. 4. The external quantum efficiency vs oxide roughness. The error bar
o0 is the standard deviation of external quantum efficiency for a set of devices.
Ve

. . lasma recombination model, which is the convolution be-
Al Oxide n-Si P

tween electron and hole populations by considering the en-
Fig. 2. The current components of a PMOS tunneling diode. The hole cuergy conservatioh?) Note that the surface roughness and the
rent is smaller than the electron current. The hole current tunneling to thgtarface roughness have similar magnitude due to the con-
interface states cannot contribute the radiative recombination. Neitherdo]gs | wth of th ide. Th g int itv of th
the electron current component. ormal growth of the oxide. The emission intensity of the
MOS devices increases with the oxide roughness, while the
oxide thickness of each device is different. Both the phonon

T T T T scattering and oxide roughness scattering can conserve the

Data

_:é‘ - Roughness = 1.5nm momgntum .during the electron-'hole rad.iative recombination
5 “ (T_=3.1nm) at oxide/Si interface, but at a fixed device temperature, the
> | |=100mA . phonon population should be constant and oxide roughness is
_g 0.9nm (T_=1.6nm) the main factor to affect the emission efficiency. Note that the
:§ R similar line widths in the electroluminescence spectra (Fig. 3)
) 0.1nm (T, =2.7nm) indicate the similar device temperatufé3o confirm this ob-
2r servation, a set of PMOS devices have been measured for
@ each oxide roughness, and the statistical results of external
k) quantum efficiency at the current of 100 mA vs oxide rough-
= ness are shown in Fig. 4. The error bar in Fig. 4 is the stan-

dard deviation of the device set for efficiency measurements.
Although there are some variations of external quantum ef-
ficiency, the trend definitively shows that the efficiency in-
Fig. 3. The EL spectra of PMOS tunneling diodes with different oxidecreases with increasing roughness. The spectral distribution
roughness. The oxide thickness and voltage are indicated in the parent@f-roughness cannot be accurately measured in our AFM due
ses- to the lateral resolution of the AFM tips. In the litratuf@the
spectral distribution of the roughness have no consistent re-
. sults between AFM measurement and mobility measurement,
Otlﬁrtﬁécpoonggsz'zgg tg; Siﬁéorf;:;viﬁazﬁg Al electrode tunkgut the speptral djstributions are similar fO( different rough-
nel to the n-Si through the ;Jltrathin oxide, and meanwhile thg. > magnitudes n both measurements. Itis reasoqaple toas-
electrons in the accumulation region of r,1—Si tunnel to the Ai ume that the_ spana}l spectrg in our samples are similar and
. ! .~ " the spectral distribution of oxide roughness has smaller effect
electrode (Fig. 2). Note that the holes tunneling to the inter-

. ) . n the enhancement of emission intensity than the magnit
face states as shown in the Fig. 2 cannot contribute the ro— € enhancement of emissio ensity than the magnitude
the roughness.

diative band-edge recombination. Due to barrier height dif- A particular PMOS device with oxide roughness of 1.5 nm
ference (3.;ev for electrons and 5'3 ev for hétes), the shows an external quantum efficiency ab 10°° at a
hole tunneling current of PMOS devices is smaller than thje_OO mA, and the efficiency increases as drive current in-
T T e T - bieases (7. 5. ase on the el calcudfiol

L : : y 9 : neling current (Fig. 2), the ratio of hole current to electron
diatively recombine with electrons in the accumulation laye

. . . Current increases with large gate bias, and only the hole tun-
W'th. the assistance of phonoi‘%.ﬂgu.re 3 Sh.OWS the elgctro— neling current can contribute the light emission. This may be
luminescence from the PMOS devices with the device ar

of 4 x 10~2cn? for different oxide roughness. The Iight?r%:fec;g?:gz;?é g:ﬁrlennc;rease of emission efficiency with the
emission of the Al gate MOS devices_ is collected from the We have demonstratéd that the correlation between oxide
edge of the gate electrode at the drive current of 100 mAr‘C)ughness and electroluminescence intensity in the PMOS

All the emission spectra can be fitted by the eledmn'ho'%nneling diodes. The high vacuum pre-bake seems to be an
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