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Normal-incidence Ge quantum-dot photodetectors at 1.5 pmm based
on Si substrate
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Coherent Ge quantum dots embedded in Si spacing layers were grown on Si substrate by
molecular-beam epitaxy in the Stranski—Krastanov mode. Photoluminescence measurement showed
a Ge-dot-related peak at 1.48n. p-i-n photodiodes with the intrinsic layer containing Ge dots
were fabricated, and current—voltagle-{/) measurement showed a low dark current density of
3x107° Alcm? at —1 V. A strong photoresponse at 1.3—1.aéh originating from Ge dots was
observed, and at normal incidence, an external quantum efficiency of 8% was achieved at
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The advantage of their compatibility with the state-of- The sample was grown using a solid-source molecular
the-art very large scale integrated technology makes Si-basdrbam epitaxy(MBE) system. The substrate used was an
photodetectors a very important subject of investigation fom-doped(100 Si wafer with the resistivity of 14—-22) cm.
application in long distance optical fiber communications,The wafer was cleaned using the standard Shiraki method
local area networks, as well as Si-based optoelectronic démmediately before being introduced into the MBE chamber.
vices for optical interconnects in high-speed computers. Al-The growth temperature was kept at 550 °C. A 100 nm un-
thOUgh hlghly efficient InP based InGaAs detectors for lg—doped Si buffer |ayer was first grown, then a 300 nm Si
1.55um can be bonded onto Si for achieving integration, thejayer was grown with a Sb doping concentration of 1-2
bonding technique requires sophisticated and costly procex 108 ¢m3 followed by 50 nm undoped Si. Then ten pe-
dures. It is therefore desirable to grow materials directly oniogs of Ge dots were grown in the Stranski—Krastanov
Si substrate. Because of its narrower band gap compared [g,4e and they were separated by 20 nm undoped Si spacer
Si, the Si_,Ge; alloy system has been widely exploited for 5 615 The nominal growth thickness of each Ge layer was

. _4 . .
infrared detector$:* However, no efficient device for 1.3— 1 nm. A 100 nm undoped Si space layer and a 100pAnSi
1.55 um was successfully obtained. The growth of strained

. . contact layer with a boron doping concentration of
layer superlattic SLS) usually did not use relaxed buffer 5x 10" ¢cm-3 were then deposited. The growth rates were

layers. Using such structures, both waveguide and sun‘ac%-:L and 0.02 nm/s for Si and Ge, respectively. The cross-
normal photodetectors have been demonstrate@ue to . : S i 7
ectional transmission electron microscope image showed

the large lattice mismatch between Si and Ge, the critica] . . )
thickness for a strained SiGe layer with high Ge mole frac- hat the Ge dots were approximately 10 nm in height and 100

tion (larger than 50%is limited to less than 10 nfhThe rrtn (|jn llilaszldllam?‘ter and tga: thte (;thst\r/]ver_e vertlcglldy Cot.”e'
overall Ge content in SLS was also limited to low value, andat€d- No dislocation was detected in the image, indicating

the response wavelength could barely reach g5’ The that the dislocation density is below the detection limit
N -2

use of a graded buff&# helps to achieve pure Ge and high (1 #m ). _

Ge mole fraction SiGe with a reduced defect density, but the _ PhotoluminescencL) measurement was carried out at

dislocation density still remains problematic for device ap-4-5 K- The 514.5 nm line of an Arlaser was used to excite
plication. All these factors limit the application of SiGe alloy the Sample and a liquid nitrogen cooled Ge detector was used

or SLS in the important optical fiber communication wave- for detection. Figure 1 shows a PL peak related to Ge dots at
length of 1.55 and 1.3m. Ge quantum dot&*grown on 0.85 eV (1.46 um) with a full width at half maximum
Si are partially relaxed with low defect density, and the Si(FWHM) of 60 meV. This peak extends to below 0.8 eV
content in dots can be controlled to be low by appropriate(1.55 um), indicating the potential for photodetectors to
growth conditions? thus they offer an attractive method of work at this wavelength. Besides this peak, three other peaks
fabricating detectors for tuning the wavelength to 1,568. at 1.094, 1.135, and 1.154 eV were also detected, and they

In this letter, we present the results of our normal-were ascribed to transverse optiddlO) phonon assisted,
incidencep-i-n photodetectors using coherent Ge quantuniransverse acoustic phonon assisted, and no-phonon transi-
dots embedded in undoped Si layers. The photorespong®ns in Si, respectively.
wavelength of Ge dots covered the wavelength range of 1.3— p-i-n photodiodes were fabricated using standard li-
1.52 um. Low leakage current and relatively high externalthography. Mesas were defined by dry etching with, GB .
guantum efficiency were obtained. The mesa size was 1500 um?. A 220 nm SiQ passiva-

tion layer was deposited by plasma enhanced chemical vapor

dAuthor to whom correspondence should be addressed; electronic maigepOSit_ion a.nd an Al/Ti metal Iayer was deposited for con-
tong@ee.ucla.edu tact. Mirror-like morphology was kept throughout the pro-
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FIG. 1. PL spectrum of the Ge dot sample obtained at 4.5 K. It shows a Ge Gi
dot related peak at 0.85 e{1.46 um) with FWHM of 60 meV. p-Si AP K
o ¥
I i
cessing. The wafer was diced and the chips were mounted in Iﬂl 10
TO-5 packages. x V=0V
Current—voltage I(-V) measurement was performed =] 0-Si

with HP41420A at both 300 and 77 K. Figure 2 shows the N———

| -V characteristics of a typical diode. The breakdown VOIt_FIG. 3. (a) The short circuit photocurrent spectra of the Ge dot detector at

age was 6.5 V at 300 K and decreased to 4.5 V at 77 K. Agg0 and 77 K. At 300 K, the response covers the range from 1.3 touh52

shown in the inset, a low dark current ok30 °> A/cm? at  with a peak at 1.4um. The peak shifts to 1.32m at 77 K.(b) Schematic

—1 V was obtained at 300 K. This is 2 orders of magnitudeba”d diagram of the structure without bias in the direction vertically across

lower than that reported by Huangetal® (4  hedots:

X 10" % A/cm?), and is similar to the results of Splet al*®

However, it is still much higher than the ideal dark current oftary metal—oxide—semiconductor ~operational —amplifier.

pure silicon diodes. This may be due to additional generatio®hort circuit(no biag photocurrent was directly measured

processes in the Ge dots and the wetting layers, i.e., theith a Keithley digital multimeter. For biased photocurrent

emission of carriers from the potential wells formed by thesgneasurement, a lock-in amplifier was used.

regions and the silicon layers. The surface states can also Figure 3a) shows the typical photocurrent spectra at 300

contribute to the dark current. and 77 K. The device was operated in the photovoltaic mode.
Photocurrent measurement was performed in a normalA Ge dot related response was clearly observed at both tem-

incidence configuration at both 300 and 77 K. A tungstenperatures. At 300 K, this response ranges from 1.3 to 1.52

lamp was used as the light source. The light passed througkm, with a maximum at 1.4m. The FWHM of the response

a 34 cm monochrometer and was cast normally onto thés 95 meV. At 77 K, The peak shifts to 1.3an. The FWHM

diode and an 850 nm low-pass filter was placed in front ofshrinks to 60 meV, and the photoresponse intensity clearly

the device. The photocurrent was amplified by a complemenshows a decrease. A previous study indicated that the coher-

ent Ge dots embedded in Si have a type-Il band alignifent.

030 We ascribe this peak to the interband transition between the

holes in the Ge dots and electrons outside of the dots, i.e., in

025 - . S|

=10 the neighboring Ge wetting layers and/or the Si barrier lay-
sl 20 ers, as shown in Fig.(B). At 300 K, besides the Ge-dot
“g Lz related photoresponse, an abrupt increase of the photocurrent
g osf §1o'ﬁr occurs at 1.25um and extends to the visible randaot
2 =10°F shown completely in the plat This wavelength is 100 nm
£ 010r B’ longer than that for bulk silicon. Considering the microstruc-
2 el ‘-’10*‘_3 Lo : 1. ture of the material, the redshift could be due to the absorp-
g Voltage (V) tion effect of the Ge wetting layers as was discussed
S eof  emmmoo ol previously'® But on the other hand, the PL result shown in
! Fig. 1 does not have such a wetting-layer-related peak. At 77
oesEy K, the abrupt increase occurs at 1,46 (1.08 eVj, which is
6 -4 2 0 2 also lower than the band gap of @i.17 e\j. More effort is
Voltage (V) needed to clarify this phenomenon. The absorption of the

FIG. 2. 1=V characteristics of the Ge dpti-n diode at 77 and 300 K. The intermixed Si/Ge interfacial region could also contribute to

breakdown voltage at 300 K is 6.5 V. In the log scale plot in the inset, a darkhis redshift.

current of 3x107°5 A/cm? at —1 V is shown. The dependence of the photoresponse spectrum on ap-
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than 0.5%. This indicates that there was a significant en-
hancement of the absorption. This enhancement can be ex-
plained by the trapping of the light by the dot structures. The
dots serve as the diffusely scattering structures, and thus the
absorption is increaséd.This efficiency is comparable to
that of the Si/Ge strained layer superlattice grown by MBE at
1.3 um under waveguide coupling mode reported by Splett
et all® (12%). By further improving the device fabrication to
reduce the dark current, high quantum efficiency of Ge
quantum-dot photodetectors can be reached. Likewise, by
incorporating a microcavity to the structure, the external ef-
ficiency can also be enhancéd.

In conclusion, we have developed Ge quantum-dot pho-
todetectors fabricated on the Si substrate. The photoresponse
wavelength ranged from 1.3 to 1.52m. An external effi-

0.08 ciency of 8% at 1.4um was obtained. The active dot layer

w’E‘ " (b) - appeared to greatly enhance the absorption. The results indi-
G 007 cate that Ge dot materials are potentially applicable for 1.3—
E 006 L 300K 1.55 um fiber communications and optical interconnects for
g Tl n high-speed computers.
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