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Abstract

P—n hetero-junctions were fabricated by depositing p-Ge thin films on n-Si substrates using molecular beam epitaxy and electron-beam
evaporation, with processing temperatures less than@h® be compatible with back-end silicon processing. The surface preparation of
the Si substrate prior to Ge deposition was found to significantly affect the crystallinity of the deposited Ge layers and, hence, the p—n
photodetector diode characteristics. The quality of the deposited Ge layers was inferred both through electrical and optical measurements as
well as through structural characterization, i.e. X-ray diffraction (XRD). Surface desorption treatments to remove adsorbed hydrogen, oxygen
and hydrocarbons were attempted to improve the Si surface quality to increase the minority carrier diffusion lengths and minimize dark
current densities. Hydrogen desorption treatment at @5frior to Ge deposition gave the best performance with diffusion lengths greater
than 25nm and dark currents of 0.3 mAfriThe observed performance from the p—n diodes is expected to be sufficient for fabricating
waveguide integrated photodetectors with high responsivities.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction thin film deposition processes using electron-beam evapo-
ration and molecular beam epitaxy, for the fabrication of
As micro-electronic systems continue to scale down, the p-Ge/n-Si photodetectors. These processes, and the under-
resultant increased electrical interconnect density gives risestanding gained, can be used for photonic devices that can be
to both increased power dissipation and a reduced speed oBeamlessly integrated with existing CMOS based electronics.
operation due to cross-ta[d]. One approach to mitigate The detection of light in a Si based setting is a very
both of the above problems is to use optical interconnects challenging problem. In the wavelength range used in fiber-
and systems. The use of silicon (Si) and Si compatible ma- optic communication systems (1.3—1,o8), InP based di-
terials and systems is desirable for the optical components,rect band-gap semiconductors have very high efficiency and
as this would make use of the existing micro-electronics in- speed of operation. However, the integration of InP with Si
dustry infrastructure based on complementary metal-oxide- electronics is quite difficulf2]. One possible solution is to
semiconductor (CMOS) technology. We address in this use germanium (Ge), which has a high absorption coefficient
paper, the development of novel low temperature (<450 in the wavelength range of 1.3—1.H [3] and can function
well as a photodetector. However, the lattice parameter mis-
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In this paper, we report the results of a study conducted g,
to probe the performance of photodetectors fabricated by de- T
positing Ge thin films on Si substrates at temperatures low E =0.66cV PGCe
enough (<450C) to be compatible with back-end CMOS ..., l U . T ,,,,,

processing. While the photo-response of the fabricated de- ‘
vices would not be expected to be comparable to the high- 2)

temperature processed devices, the aim was to see whether it l
would be adequate for efficient back-end CMOS integration.

A back-end integration route (fabricating photonic devices Incident Light

on top of existing CMOS based electronics) is advocated as 1

it avoids changes in standard foundry practices leading to
easier adoption and widespread use of Si based photonics Ohmic Contact: Ag
devices. However, the major constraint is that the tempera-
ture in back-end processing is usually restricted to less than
450°C to avoid damage or degradation to the Al/Ti based Ge Mesa
micro-electronic component interconnects. T htodtetns ] x
It has been shown previously that electron-beam evapora- ! 1 i ' ! jon-g
tion of polycrystalline Ge on Si substra{é$ at 300°C yields ey
photodetectors with moderate performance (<20 mA/W re- R
sponsivity and >1 mA/cfdark current densities). We at- n-Si
tempt here to improve upon and extend the above work
using both electron-beam evaporation (e-beam) and molec-
ular beam epitaxy (MBE), confronting fundamental barriers
to performance involving deposition rate, temperature and
prior Si substrate surface preparation. To the investigators’ Fig. 1. (a) p-Ge/n-Si band alignment, consistent with the experimental re-
knowledge, this is the first time that MBE has been used for sults presented in this paper. The depletion region is shown to be completely
low-temperature Ge deposition, for use in photodetectors. °" the silicon side of the junction. (b) S(_:hematic diagram of the thin f_ilm
As l\/éBE is_ c\arri_ed out at much Iower background pressures tséw;:;’;ethzhdeeg:;t)itgr']er':;tg?fs’ responsible for the photo-response, diffuse
(108 Pa visa-vis e-beam evaporation at10Pa), lower im-

purity incorporation and better quality Ge films are expected.
index contrast silicon-on-insulator (SOI) material system. A

large diffusion lengthlg,) would translate to an intrinsically
2. Using the minority carrier diffusion length (L,) to large photo-response.
characterize deposited p-Ge films The diffusion Iength l(n) is estimated from the normal
incidence responsivity values (in mA/W) using an absorption

In our experiments, we fabricate p-Ge/n-Si photodiodes, co-efficienta of 10* cm™? (at 1.31um) [3].
by depositing p-Ge thin films on n-Si substrates, and the mea-
sured photo-response gives us an indication of the quality of
the deposited Ge layer. The band structure and physical lay-3. Experimental procedure
out of the fabricated photodetector is showrFig. 1L The
doping level in as-deposited p-Ge (p:118m3) is much We fabricate p—n junction photodetectors by depositing
higher than in the substrate (n:*P@m3); the depletionre- 200 nm thick p-Ge thin-films (B doped) on n-Si (1 00) sub-
gion is almost completely3,6] in the Si. As a result, the  strates f: 2—6% cm) both by e-beam evaporation (CHA: base
photo-response of the p—n junction is mainly derived from pressure of 40~“ Pa; temperature = 368 10°C, and MBE
the diffusion of photo-carriers into the depletion region and (Riber EVA 32: base pressure»8 10~/ Pa; temperature =
subsequent collection. 370 £+ 25°C). In the MBE samples, the top 10 nm of the

Since the aim of this paper is to characterize the Ge film Ge was dopedto reduce the metal-Ge contact resistance
growth, we quote the results of our photo-response measure{Fig. 1(b)). Prior to Ge deposition, the Si substrates were
ments in terms of electron (minority carriers in p-Ge) dif- cleaned successively for 2 min each in de-ionized water, ace-
fusion length in the Gel(,) and not responsivity as is con- tone,iso-propanol and Piranhareagenp@®p + HoSOy). The
ventional. ResponsivityR) is not as fundamental ds;; it samples were then treated with a final dip in buffered HF,
is wavelength dependent and varies with specific layer andwhich passivates the Si and leads to a surface stable in air
device design, e.gR can be enhanced by the use of anti- [7].
reflecting films. In another example, which will be described ~ The surface preparation of the Silicon was found to be
in detail later, integrated waveguide photodetectors could becritical in determining the magnitude and nature of the photo-
used to achieve high photo-response using the high refractiveresponse and electrical leakage. When the Si (100) sub-

pt Ge

p-Ge

Ohmic Contact: Ti/Al
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Table 1
Processing conditions for the MBE grown (M) Ge films
Surface preparation surface of Si substrate Growth Ads; (
25 1.0 0.2
Only HF clean Sample M4 Sample M1 Sample M5
HF clean + 450C hydrogen desorption (15 min) Sample M7
HF clean + 200C hydrocarbon desorption (50 min) Sample M9
HF clean + 200C hydrocarbon desorption (50 min) + 450 hydrogen desorption (15 min) Sample M12
Piranha clean + 800C oxide desorption Control sample M3

The Ge deposition in all the samples was done by MBE at'87@he samples are numbered in the order in which they were grown).

strate is treated with HF, the surface is completely terminated temperature of 370C (for the control sample, a (R 1) pat-
with H atoms, which could hinder the proper registration tern is seen at 800C due to an oxide desorbed, cleaner Si
of Ge adatoms with the Si substrate. Ambient hydrocarbon surface). The RHEED pattern gradually changes from (1
and oxide contamination also contributes to degrading the 1) to (2 x 1), after about 70 nm of Ge have been deposited.
Si surface. With these issues in mind, we attempted to re- Fig. 2shows atypical (% 1) RHEED pattern takeafterthe
move the H atoms in situ by a pre-deposition heating treat- completion of the Ge deposition. At low growth temperatures
ment at 450C in a few samples (se&able 1. To desorb (<400°C), the diffusion of Ge adatoms is severely hindered
the hydrocarbons from the surface, a 2@0pre-bake for precluding the formation of a Ge wetting layer and idealized
50 min[8], was done in some samples. Additionally, a con- Stranski—Krastanov growtfi0]. Subsequent Ge film depo-
trol sample, M3 inTable 1 was fabricated where an ox- sition diminishes the effect of the initial surface roughness;
ide terminated Si substrate was subjected to the standardhe misfit strain in the film has also been accommodated by
800°C oxide desorption anneal before Ge film deposition now through the formation of strain relieving defects. The
[4]. above facilitate Ge diffusion and the 2 1) reconstruction
During MBE growth, the deposition of Ge on Siwas moni- of the surface.
tored by reflection high energy electron diffraction (RHEED). The results of ex situ X-ray diffraction (XRD) are shown
The overall crystal quality and strain of the as-grown Ge/Si in Fig. 3. The6—-29 curve for a typical MBE grown Ge film
structures was analyzed by ex situ X-ray diffractior2p (sample M9 inTable J indicates, as shown iRig. 3(a), that
and rocking curve analysis), using the CulK(1.5406&) the Ge layer is almost completely relaxédgy. 3(b) gives a
line, in a Bede3 diffractometer. An atomic force microscope comparison of the rocking curves for samples grown by MBE
(AFM) was used to characterize the surface roughness, foundsample M9) and e-beam evaporation (sample E3: Table 2).
to be~1.5+ 0.4 nm in all the samples. As the width of the rocking curve is inversely proportional
The electrical properties of both (a) large (5 mnd mm) to the crystalline quality of the deposited film, it is inferred
and (b) 40Qum x 400p.m Ge mesa—Si p—n junctions were from Fig. 3(b) that the MBE films are superior to the e-beam
studied. Ge mesa etching was done by a BR}iacetic acid evaporated films, as expected.
(2:2:20) mixture. Ohmic contacts were made to the n-silicon
and p-germanium by e-beam evaporation at room temper-4 > Electrical properties
ature. Depositing Ti (15 nm)/Al (200 nm) on n-Si and Ag
(300 nm) on p-Ge, gives the lowest contact resistance. 4.2.1. Diffusion length and leakage current

The sample was illuminated by 1310nm light (using & Fig. 4(a) and (b) give the minority carrier diffusion lengths
Thor labs mid-IR single mode laser diode), from the Ge () measured for samples processed under different condi-
side (no difference was observed when light is shone from {jons. |t is seen fronFig. 4(a) thatL, strongly varies with

the bottom Si side) in the 0-3mW range. The responsiv- the sj surface preparation. Although hydrocarbon desorption
ity was measured on a reverse biased p-n junction, us-

ing both dc and ac lock-in methods. In the ac technique,
the laser diode light was modulated by an optical chopper
and the photo-response voltage read by a lock-in ampli-
fier.

4. Results and discussion

4.1. Thin film growth

In RHEED, initially the hydrogenated Si (100) surface Fig. 2. A typical (2x 1) RHEED pattern after the completion of the Ge
was observed to be (% 1) reconstructed9] at the growth growth at 370°C, indicating the formation of a single crystal film.
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Fig. 4. (a) The variation of the diffusion length,( as a function of pre-

320 325 330 335 34.0 deposition surface cleaning temperaturéabfe 1lists the exact growth
0 process for the samples). (b) The variation of the diffusion lengthds a
(b) (degrees) function of growth rate. The experimental points represent samples grown

by MBE at 370°C with no prior annealing (samples M1, M4 and M5; see
Fig. 3. (a) A typicab-29 X-ray diffraction spectrum of the p-Ge/n-Si pho-  Table 1.
todetector (sample M9). The (004) peaks for the Si substrate and for the

Ge epi-layer are shown. (b) A comparison of the X-ray rocking curves of L. .
typical MBE (sample M9) and e-beam grown (sample E3) p-Ge fimsona  1he dc current-voltage characteristics of a typical MBE

Si substrate. The full width at half maxima (FWHM)€0.3° in the MBE grown p-Ge/n-Si photodiode (sample M7) are shown in
sample, and-0.7” in the e-beam sample. Fig. 5. The leakage current in all the MBE samples was in
the range of 0.2-0.3 mA/cfmat —1V reverse bias, which
is the lowest reportedor Ge-Si photodetectorfd 2]. The

seems to be ineffective in enhancing thein the present  electron-beam evaporated samples (samples E1 and E3 in
study, the hydrogen and oxide desorption steps do seem to
improve the deposited Ge film quality. The hydrogen desorp-
tion anneal at 450C improves the value df, (samples M5
versus M7). The control sample (M3), processed with an ox-
ide clean at 800C, has arL, of ~60 nm. It is then seen that
the performance of our low temperature processed devices — _
is off by only a factor of 2, and can be further improved by ”g
more careful surface cleaning procedures. <

The temperature ceiling for the hydrogen removal was set - ]
at 450°C, due to the limitations of back-end CMOS process- 10+
ing. Since complete H desorption occurs only at temperatures ]
exceeding 600C [11], a lower temperature treatment im-
plies that the Si surface was not completely devoid of hydro-
gen. Our results on the e-beam evaporated Ge samples (e.g. 10° 5 4 B3 5 4 o ]
sample E3.), gave results similar to those repqrteq by Masini p-n junction bias (Volts)
etal,[5]. Fig. 5shows the dependence of the diffusion length
of carriers in the Ge on growth rate, which illustrates that the rig. 5. current densitylj-voltage V) curves for the p-Ge/n-Si photodiodes
quality of the epitaxial layer improves at lower growth rates. with (illuminated and without ¢lark) light.

10°4 illuminated
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Table 2 samples to be of the same order due to the similar values of
Processing conditions for the electron-beam evaporated (E) Ge films L,., while the observed leakage+sl.7 mA/cn?. The poorer
Surface preparation of Si substrate Growth rés) crystalline quality of the Ge in the e-beam samples (evidenced

15 05 through X-ray diffraction), probably results in a lower elec-
Only HF clean Sample E1 tron mobility and higher surface recombination velocity in-
HF clean +200C hydrocarbon Sample E3 creasing the leakage current density.

desorption (50 min)

In analyzing the reverse leakage currents it is worth noting
that, for the case of p-Ge, the diffusion of electrons towards
the depletion region could be impeded by an energy barrier
due to the large number of dislocations, which act as acceptor
Table 2, on the other hand, give higher leakage currents of sites for electrons, at the Ge/Si interfd@&]. The presence

The growth temperature was 300 (the samples are numbered in the order
in which they were grown).

about 1.6-1.8 mA/cfh of a barrier is suggested in some samples where high photo-

response is accompanied by a correspondingly high reverse

4.2.2. Modeling the leakage current leakage current density. However, these effects are not very
The leakage under reverse bias was modeled by considersignificant and the departure from typical values of leakage

ing the two components of the reverse curf@®] viz.: (1) current densities is quite small. So, even though the assump-
leakage current from defects at the p—n junction interface, tion of an energy barrier atthe Ge/Siinterface would make the
the generation currentand (2) adiffusion currentcompo- leakage model more complete, we do not include the barrier

nent arising from outside the space charge region in the Ge.in our analysis because its impact on the overall performance
Since the depletion region resides almost completely in the trends in our devices is negligible.
Si, the generation current within the space charge region in-

cluding the Ge is neglected. 4.3. Dependence of photo-response on wavelength and

4.2.2.1. Generation currenfThe leakage current density Input power

from the Ge-Siinterfacelgen, can be estimated as Itis seen Fig. 6) that the photo-current scales linearly with

Jgen X engevs 1) theincident laser power in all the devices (i.e. the responsivity
stays constant), indicating stable operation over a wide range
of input power.

The spectral variation of the absorption coefficient of the
epitaxial Ge films Fig. 7) follows closely that of bulk sin-

&le crystal Ge in the optical communications window of
1.3-1.55.m, proving the feasibility of use of the fabricated
p-Ge/n-Si photodetectors in an integrated environment. Al-
though the MBE deposited Ge is single crystalline, it is still

o _ expected to be heavily defective due to the low growth tem-

4.2.2.2. Diffusion currentThis component of the leakage perature and the lattice mismatch with the Si substrate. The

current density arises from outside the depletion region. Mi- jmserfect film is probably responsible for the lack of a sharp
nority carriers (electrons in p-Ge and holes in n-Si) diffuse to 4nsition at 1.5%m.

the edge of the space charge region and are then swept by the
reverse bias to the Ohmic contacts. Since the minority carrier

Here,nge is the minority carrier concentration in the Ge and
vs IS the surface recombination velocityse in our devices

is ~10° cm~3 (nge = N;2/p). To estimate the maximum pos-
sible leakage current, we assume a reasonably high valu
of vs (10° cm/s), typical for a defective semiconductor sur-
face[3,13,14] Using these valueslyen is calculated to be
~0.15 mA/cn?.

concentration in the p-Ge is much higher than in the n-Si (by 3
afactor of about 1%), we only consider the diffusion leakage | >
current on the Ge side. The diffusion componeki( ) of _ 32
the leakage current density in the p-Ge is <
= 24
naG =
Jditt n ~ g— Ly ) £
n g 16
Here,, is the minority carrier lifetime in the p-Ge,, is es- ‘E 1
timated to be~2.5 ps from the diffusion coefficienb,) and & 8
L, [3]. We measured, using the hall effect, a value of mobility o:

(un) of p-Ge of~100cnf/V s, in the MBE samples. Using ' ' ' ' ' '
) 00 05 10 15 20 25
these values ig. (2)we calculatelyis, , ~0.15 mA/cnt. P (mW)
CombiningJgif, » andJint, the total reverse leakage cur- Inser
rent dens_lty 15~0.3 mAlcn?’ which agrees quite well with Fig. 6. The photo-current of the p-Ge/n-Si photodiodes scales linearly with
the experimental values of 0-2_0-3 mAfnthe M_BE sam- incident laser power. We show the variation for MBE sample M7, reverse
ples. However, these models predict the leakage in the e-beanbiased, at-3 V.
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seen that the substrate surface preparation, processing condi-
tions and growth temperature are critical in determining the
crystalline quality of the grown Ge films, and consequently
the diffusion length of the minority carriers and overall pho-
todetector performance. By modifying the deposition rate and
adopting various Si surface cleaning methods for the removal
of hydrogen and ambient contamination, we have obtained
minority carrier diffusion lengthsl({,) and photo-response
adequate for waveguide-integrated photodetectors. The mea-
sured leakage current densities in our p-Ge/n-Si photodiodes
are among the lowest reported. The leakage currents were
modeled by conventional mechanisms of space charge gen-
eration and carrier diffusion, with the carrier lifetime being
limited by interface defects and dislocation induced recombi-
nation centers. It remains to be seen whether the advantages
conferred by low temperature processingaisis device per-
formance can be utilized in a practical electronics integrated
photonic device platform.
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