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We demonstrate Au-assisted vapor-solid-solid (VSS) growth of Ge nanowires (NWs) by molecular

beam epitaxy at the substrate temperature of �180 �C, which is compatible with the temperature

window for Si-based integrated circuit. Low temperature grown Ge NWs hold a smaller size, simi-

lar uniformity, and better fit with Au tips in diameter, in contrast to Ge NWs grown at around or

above the eutectic temperature of Au-Ge alloy in the vapor-liquid-solid (VLS) growth. Six h110i
growth orientations were observed on Ge (110) by the VSS growth at �180 �C, differing from only

one vertical growth direction of Ge NWs by the VLS growth at a high temperature. The evolution

of NWs dimension and morphology from the VLS growth to the VSS growth is qualitatively

explained by analyzing the mechanism of the two growth modes. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4990602]

INTRODUCTION

Ge nanowires (NWs) have promising electronic proper-

ties1,2 and play an increasingly important role in various

applications, such as high speed transistors,3–5 photodetec-

tors,6,7 and the anode material of high capacity lithium-ion

batteries.8 Conventional Ge NW growth via the Au-assisted

vapor-liquid-solid (VLS) process takes place above the Au-

Ge eutectic temperature (Te� 361 �C).9–11 However, for the

VLS growth of NWs, it is difficult to control the NW size

and position due to surface migration and coalescence of the

catalysts during the growth. Furthermore, NW tapering or

kinking is more likely to occur in the VLS growth, thus

affecting the shape of NWs.12 These characteristics of VLS

oppose the requirements for the practical application of

bottom-up NWs in large-scale integrated circuits (ICs),

which require the selective growth of NWs in ordered pat-

terns. Because of this, the vapor-solid-solid (VSS) growth of

NWs is worth taking into practice to overcome the drawback

of VLS, since both the size and position of the solid catalysts

can be determined due to the solid phase of the catalysts,

thus minimizing catalyst migration and coalescence.13,14

To date, a few reports covered the VSS growth of Ge

NWs, in the catalyst-Ge systems as follows: Ni-Ge [at

300–375 �C via chemical vapor deposition (CVD)],15 Mn-Ge

(at 350 �C via CVD),16 Cu-Ge (at 200–300 �C via CVD),14

and Au-Ge [at 255–330 �C via CVD or physical vapor depo-

sition (PVD)].17,18 To meet the temperature compatibility of

current ICs when the Ge NWs are required to be grown on

processed circuits,19 a low synthetic temperature of Ge NWs

should be utilized. The growth with a catalyst such as Ni or

Mn will occur above 300 �C, which can considerably dam-

age the processed circuit. Although Cu and Au are possible

alternative catalysts for Ge NW growth after IC processing,

compared to Au, Cu is chemically more active and immature

in the deposition process. On the other hand, as an estab-

lished steady catalyst, Au exhibits a significant position in

NW growth. Although the VSS growth of Au-assisted Ge

NWs has been achieved at a temperature lower than Te by

utilizing ultra-high vacuum (UHV) CVD17 or PVD,18 nei-

ther of these reports produced a detailed analysis of VSS

grown Ge NWs. Furthermore, the growth temperature

ranged from 255 to 330 �C, which is difficult to deal with

present IC technique. In addition, in contrast to the CVD,

molecular beam epitaxy (MBE) is a far-from-equilibrium

physical process,20 which commonly requires much lower

growth temperature than the chemical reactions in CVD,

and can achieve higher material purity and lower material

consumption.21

Here, we demonstrate Au catalyzed Ge NWs grown on

Ge (110) substrates through the VSS process by MBE. The

growth temperature is lowered to 220 �C (the thermocouple

temperature, corresponding actual temperature is �180 �C),

which is much lower than Te even if the Gibbs-Thomson

effect would be considered22 and well satisfies the compatibil-

ity with the temperature window for Si-based IC. Meanwhile,

for group-IV photonics, such a low growth temperature of Ge

NWs can promote the possibility to incorporate Sn, while

GeSn NW potentially becomes a direct bandgap material for

high efficiency light emission.23 For comparison, we also

grew Ge NWs at above Te as reference. Our result shows that

the diameter as well as the density of Ge NWs decreases with
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decreasing growth temperature from above Te to below Te,

while the size uniformity does not change. Furthermore, the

VSS process leads to NWs in three h110i growth directions

simultaneously: vertical, lateral, and 30�-tilted to surface, in

contrast to only one vertical direction in the VLS growth.

Besides, the diameter of the Au particles approximately fits

that of the NWs in the VSS process, but becomes much

smaller during the VLS growth. All these morphological dif-

ferences in both the growth orientation and the NW diameter

can be explained by the fundamental growth mechanism in

the VSS and the VLS processes. The Ge (110) substrate is

selected because Ge NWs grow along h110i by VLS without

atomic hydrogen environment,24 and most of the Ge NWs are

vertical to the Ge (110) substrate.10

EXPERIMENT

Ge NWs were grown via a DCA P450 solid source MBE

system. Prior to the growth, Ge substrates were degassed at

400 �C for 30 min and further heated to 650 �C for an hour to

remove native oxides. Then, �2 nm thick Au film was depos-

ited onto cleaned Ge substrates at room temperature via elec-

tron beam evaporation and annealed at 450 �C for 30 min to

form nanoparticles. Finally, Ge NWs were grown on Ge (110)

substrates under different growth temperatures, but a fixed Ge

growth rate of �0.010 nm/s and total growth time of 3.5 h

under UHV of �1.0� 10�9 Torr. At this low growth rate, the

VSS process is responsible for the Ge NW growth at a temper-

ature far below Te.
17 Due to the distinction in growth mecha-

nism for Ge NWs grown above and below Te, we chose

growth temperatures of 220 �C, 290 �C, 380 �C, and 470 �C to

exhibit the morphologic transition. Moreover, two-step growth

from 470 �C to 220 �C (growing at 470 �C for 1.5 h then cool-

ing down to 220 �C to grow for 2 h) was experimentally con-

ducted to study the transition from VLS to VSS process. Post-

growth characterization for morphology of Ge NWs employed

scanning electron microscope (SEM) at different angles and

transmission electron microscope (TEM) to examine the crys-

talline structure.

Here, all temperatures expressed were read via a thermo-

couple behind the substrate heater. In fact, the actual substrate

temperature is about 40 �C below the thermocouple-measured

data in the range of 200–300 �C calibrated by the melting point

of Sn. The method is carried out as followed. First, the in-situ
reflection high-energy electron diffraction (RHEED) pattern of

the oxide-removed Ge (001) substrate was observed at the

thermocouple-measured temperature of 80 �C. Then, 1 nm Sn

was deposited onto the Ge surface and the RHEED pattern dis-

appeared. Finally, the temperature slowly increased to 270 �C,

until the RHEED pattern of Ge (001) reappeared, when the

solid Sn melted and coalesced, partially exposing the Ge sur-

face. We propose that the read temperature at the change point

corresponded to the melting point of Sn. Under atmospheric

pressure, the melting point of Sn was 231.9 �C. Two points

should be noted here for the validity of this method. First, the

solubility of Sn in Ge is low (below 1%) and the eutectic tem-

perature was �232 �C, resulting in little change to the melting

point even when they alloyed. Second, for Sn in the ultra-high

vacuum (�1.0� 10�9 Torr), the melting point only decreased

slightly from that under atmospheric pressure, for about

2.8–4.3 �C.25 Both points show that the melting point of Sn in

MBE differed only slightly from that in air. Since the calibra-

tion of the true substrate temperature could be credible only in

the temperature range close to the Sn melting point, and the

precision was not sufficiently high, the thermocouple-

measured temperatures were still used for the comparability of

the growth temperatures in our experiment.

RESULTS AND DISCUSSION

Ge NWs on Ge (110) substrates were successfully

grown at 220 �C by VSS MBE with Au catalyst. Figures 1(a)

and 1(b) show the top-view SEM images of as-deposited Au

droplets and Ge NWs grown at 220 �C, respectively. In con-

trast to the high density of Au droplets on the substrate, it

shows a relatively lower density of Au-catalyzed NWs. Only

less than 50% of the Au droplets successfully catalyzed NW

growth. Figure 1(b) suggests that the large Au nanoparticles

are more likely to participate in the NW growth, while the

small nanoparticles in Fig. 1(a) may be covered by the

2-dimensional Ge layer, thus remaining hidden in Fig. 1(b).

Additionally, some of the hexagonal dots represent the verti-

cal NWs due to the top view shown in Fig. 1(b).

The TEM analysis of a NW grown at 220 �C is presented

in Fig. 2. In Fig. 2(a), the vertical Ge NW was found to be

partially buried by a Ge film, which was grown without

catalysis, and the boundary between the solid Au catalyst

and the Ge NW can be clearly seen. Furthermore, the high

resolution TEM (HRTEM) from Fig. 2(b) shows a different

lattice configuration between the NW and the catalyst.

Moreover, Fig. 2(c) exhibits a HRTEM image of the NW,

showing single crystalline property and growth along the

FIG. 1. SEM images of (a) Au droplets

on Ge (110) and (b) Ge NWs grown at

220 �C on Ge (110) substrate.
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[110] direction, verified by the diffraction pattern in Fig.

2(e). The epilayer/substrate interface can be apparently

observed in both Figs. 2(a) and 2(d). Due to an unintentional

slight inclination when preparing the specimen via focused

ion beam, part of the Ge film lies in front of the bottom of

the NW. Therefore, the lattice seen in Fig. 2(d) comprises

both the Ge NW and the film. Both are found to be epitaxi-

ally grown from the crystal lattice of the substrate. A few

edge dislocations [one is marked in Fig. 2(d)] can be found

in the interface both within the NW region and in the thin

film. For those within the NW region, it remains unclear

whether they originate in the NW or the in film. Above the

substrate/NW interface, no dislocation was found, showing

high crystalline quality.

In comparison, we have investigated Ge NW growth at

the selected temperatures on Ge (110) substrate shown in

Figs. 3 and 4. Figure 3(a) shows the histogram of Ge NW

diameter distribution at the growth temperatures of 220 �C
and 380 �C. The NWs grown at 220 �C reveal a symmetric

and narrow size distribution centered at 40–60 nm in diam-

eter, while the NWs grown at 380 �C have an asymmetric

and broad size distribution with the weight on 100–120 nm

in diameter. Moreover, to simply compare the size differ-

ence between the VSS and VLS growth, the statistical data

of vertical NW radius and length, as well as the corre-

sponding fitting curves, are plotted in Fig. 3(b). Here, the

modified mass transport model by Johansson was used to

fit the data, since our case matches the four assumptions

required by this model.26 Only vertical NWs were

employed for ease of fitting since the source atoms only

originated from a direction almost perpendicular to the

substrate surface, thanks to the high vacuum in MBE, and

therefore, direct deposition of Ge on the NW sidewalls can

be ignored. Furthermore, at 220 �C, the solubility of Ge in

Au is quite low because of the solid phase, resulting in the

ability to reasonably neglect the direct impingement of

source atoms into the catalyst for NW growth. Thus, the

expression of the NW growth rate (dL/dt) at 220 �C and

380 �C can be given by,

dL

dt
¼ � 2XJs

rcosh L=kwð Þ

FIG. 2. (a) Low resolution TEM image

of the 220 �C grown sample; (b)–(d)

HRTEM images of the positions

marked by rectangles in (a); (e) The

diffraction pattern from the Ge NW.

The white circle and the dash lines in

(d) indicate the edge dislocation.

FIG. 3. (a) The diameter histogram of Ge NWs grown at 220 �C (green bars) and at 380 �C (red pattern bars); (b) NW radius vs. length data obtained at 220 �C
(blue diamonds) and 380 �C (red circles) of the vertical NWs. The solid curves are fitting results from the mass transport model in the NW growth.
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dL

dt
¼ � 2XJs

rcosh L=kwð Þ þ 2XRtop

with Js ¼ �RsksK1ðr=ksÞ=K0ðr=ksÞ representing the expres-

sion of the adatom flux from the surface to the NW (K0 and K1

are modified Bessel functions of the second kind), where r rep-

resents the radius of NWs; kw and ks represent the diffusion

length of the adatoms on the NW sidewalls and the substrate

surface, respectively; X ¼ 2:26� 10�29 m�3 represents the

atom density of Ge; and Rtop and Rs denote the effective rate

of Ge atoms dissolved in the catalyst and the net deposition on

the substrate, respectively. The diffusion lengths of the sub-

strate and NW sides can be roughly fitted from the equations,

as kw ¼ 48 nm, ks ¼ 70 nm at 220 �C and kw ¼ 183 nm, ks

¼ 124 nm at 380 �C. The result shows that both diffusion

lengths decrease significantly with the growth temperature.

Therefore, the NW length and the radius in the VSS growth

are much smaller than those in the VLS growth.

Another distinguished change between VSS and VLS is

the diameter match of the catalyst and the NW. The average

diameter values of not only the Ge NWs but also the catalyst

droplets are calculated by counting more than 30 NWs per

sample and shown in Fig. 4(a). The average diameter of Ge

NWs increases remarkably with growth temperatures from

290 �C to 380 �C, but otherwise changes slightly. The diame-

ter values of Ge NWs during the VLS process are about

twice of that during the VSS process. The corresponding

standard deviation also tends to increase with increasing

growth temperatures above Te; however, it remains nearly a

constant if normalized by the mean values. This indicates

that the uniformity of Ge NWs was approximately invariant

at each growth temperature. Additionally, the similar trend

in the diameters of catalyst droplets with varying growth

temperature can be seen in Fig. 4(a). Interestingly, the cata-

lysts had roughly the same diameters as NWs below Te,

while the diameters of droplets were much smaller than those

of NWs above Te. These statistical data fit our assumption

well that the droplets stay only on one of the top {111} facets

in the VLS process, as the schematics show in the insets of

Fig. 3(a), similar to the result in Ref. 10. The droplet

diameter d and the NW diameter DVLS follow the relation-

ship of DVLS � 2d sin ð109:5�=2Þ.
Figure 4(b) shows SEM images including a single Ge

NW grown at designed growth temperatures on Ge (110).

For the sidewall facets, VLS grown NWs can be prisms

bounded by four {111} surfaces; however, sometimes these

had a hexagonal cross-section exposed by four {111} in

addition to two {001} sidewalls18 as the NW grown at

380 �C in Fig. 4(b), while the VSS grown NWs always pos-

sess the hexagonal cross-section. For the catalyst/NW inter-

face, as previously indicated from our observation, there are

two {111} planes inclined 109.5� in the VLS growth10,18

while only one {111} plane formed the interface in the VSS

growth. Both the NW diameter and length increase when the

growth mode transited from VSS to VLS, which is consistent

with the result in Figs. 3(b) and 4(a). This dramatic change

in volume is primarily determined by the temperature depen-

dent diffusion length of Ge atoms on the substrate and NW

sides during MBE growth from the previous estimations and

publications.11,27 It was reported that �430 �C is the optimal

temperature for Ge NW growth by VLS.10,11 Thus, the Ge

diffusion length is supposed to reach a maximum at this

growth temperature. Higher temperatures may restrain Ge

diffusing towards Au droplets, but assist Ge to grow on the

area between NWs. From this point of view, we can explain

that the size of Ge NWs becomes similar at the growth tem-

peratures of 380 �C and 470 �C in Fig. 4(b). The diffusion

length is further limited by the ultra-low growth temperature

far below Te. As a result, less Ge is capable of travelling

from the impingent plane or sidewalls of NWs to the inter-

face between Au catalyst and Ge to form NWs, causing a

small size of NWs. In addition, the interface of the solid Au

nanoparticle and the NW seems to be tilted at the growth

temperature of 220 �C and 290 �C. This may suggest that Ge

NWs have one dominant {111} top facet in the VSS process.

Furthermore, we compare the growth orientation of Ge

NWs at temperatures below and above Te shown in Fig. 5.

Three dominant orientations of Ge NW growth of VSS are

observed, delineated in Figs. 5(a) and 5(b) (we assume that

[110] is perpendicular to the Ge (110) substrate). The solid

FIG. 4. (a) The histogram of Ge NWs grown at 220 �C (green bars) and at 470 �C (red pattern bars). (b) Average diameter and its error bars of Ge NWs (black

squares) and the corresponding Au tips (red dots) as a function of growth temperature. (c) Tilted SEM images of single Ge NW grown at different temperatures

on Ge (110).
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arrow lines denote axes on Ge (110), while the dashed arrow

lines are 30�-tilted h110i directions (four equivalent direc-

tions including [10-1], [101], [01-1], and [011]). At a

growth temperatures above Te, most of Ge NWs prefer to

grow along the [110] and other four equivalent directions:

[011], [01-1], [101], and [10-1] are rarely observed as illus-

trated in Fig. 5(c), in agreement with the result of

Schmidtbauer et al.10 Interestingly, at a low growth tempera-

ture, lateral NWs appear along the [1-10] direction.

Scrutinizing through different positions of the NW sample

grown at 220 �C, we found that the NWs with 30� inclination

all possess a long length, thin diameter, and small Au tips,

both shown in Figs. 1(b) and 5(a). This result indicates that

the small Au nanoparticle tends to induce the nucleation

occurring along 30�-tilted h110i directions instead of the ver-

tical direction. The possible reason of the larger length of the

inclined NWs is that, compared to the vertical directions,

additional Ge atoms can directly be deposited onto the NW

sidewalls facing the Ge source, leading to more efficient sup-

ply of Ge adatoms reaching the catalyst/NW interface to

incorporate into the NWs. In Fig. 5(c), we notice that some

of NWs have a droplet on the their top or sidewall, while

some NWs have lost this possibly because of catalyst spread-

ing24 and Ostwald ripening process28 during the long growth

time of VLS at relatively high temperature. Figure 5(b) also

shows the low density of Ge NWs grown at 470 �C caused

by two possible aspects: (i) the catalyst separation is much

larger than the surface diffusion length so that some of the

adatoms cannot reach the catalyst to form NWs and nucleate

as islands, and (ii) long-time and high-temperature growth

leads to catalyst migration, which can stop NW growth.

Thus, the later stage of growth may be dominated by island

growth.

To investigate the transition from the VLS growth to the

VSS growth, a sample with two-step growth was prepared.

We first grew Ge NWs on Ge (110) at 470 �C for 1.5 h, fol-

lowed by the growth at 220 �C (cooling down to 220 �C
directly) for 2 h, keeping the same total growth time as for

the previous samples. As expected, the second step of growth

at 220 �C displays identical three main growth directions,

which are [110], [10-1], and [1-10] in Figs. 6(a), 6(b), and

6(c), respectively, similar to the results shown in Figs. 5(a)

and 5(b). Moreover, almost every NW grows along the [110]

in the first step due to the VLS growth, the same as the result

of the NW growth at 470 �C. This match of orientation

between the two-step growth and the direct growth at 220 �C
or 470 �C suggests that the VSS process occurs when Ge

NWs are grown at 220 �C and the VLS process occurs at

470 �C. It is worth noting that the NW diameters in the first

step approximately double those in the second step as shown

in Fig. 6, which is consistent with the statistical consequence

in Fig. 4(a).

From the standpoint of elementary processes in the NW

growth model by Tersoff,29 we use a 2D model shown in Fig.

7(a) to simplify the explanation of the VLS process by MBE.

The system is stable if the contact angle (hc) of the droplet

situates inside the range marked by two dash lines.

Additionally, sidewalls of the NW are {111} facets, which

have minimum surface energy. Initially, an Au droplet lies

on the surface to catalyze growing a Ge pedestal exposed by

{111} facets on the Ge (110) substrate illustrated in Fig.

7(b). As the system evolves, the interface becomes so large

that hc decreases outside the stable range to form a step

marked by the blue circle of Fig. 7(c) and then the interface

will tend to diminish to a small size and hc increases, as

shown in Fig. 7(c). When the hc falls outside the stable range

again, the droplet will depin from the right trijunction, indi-

cated by the arrow in Fig. 7(c). The reason that vertical NWs

FIG. 5. SEM analysis of Ge NW growth orientation on Ge (110) at (a) 220 �C (top-view), (b) 220 �C (45�-tilted view), and (c) 470 �C (45�-tilted view).

FIG. 6. SEM images of Ge NWs with the two-step growth on Ge (110). The

second growth mode is separated from the first one by dash lines and shows

three orientations: (a) vertical, (b) 30�-tilted to the surface, and (c) in-plane.
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dominate, while their inclined counterparts are rare, i.e., the

depinning process does not cross the left trijunction, remains

unclear, but may originate from the low probability. During

further NW growth, the depinned droplet slides along the

(11–1) facet until forming a new step shown in Fig. 7(d).

When the overall growth rate is low (which is the case in this

study), the larger wetting facet has a higher growth velocity

than that of the smaller one,30 leading to a symmetric growth

front shown in Fig. 7(e). The long growth time of several

hours can cause a gradually decreasing the size of the droplet

shown in Fig. 7(f), resulting in a mismatch between the cata-

lyst size and the NW diameter. Then, the jumping-catalyst

growth of alternating the droplet from one facet to another

may occur,31,32 as indicated in Fig. 7(g). The growth process

of the inclined NWs is identical to the above mechanism but

rarely occurs.

In contrast, during the VSS growth, the phase of Au

nanoparticles is solid, which has an abrupt interface with the

NW tip. In this case, we assume that a catalytic nanoparticle

may only sit on one {111} facet of a pedestal, as shown in

Fig. 7(h) with the tilted catalyst/NW interface satisfying the

result in Fig. 4(b). Due to an abrupt solid/solid interface

throughout the growth, the nanoparticle may tightly attach to

the {111} facet of the pedestal to advance one of the five

equivalent h110i growth directions, including a vertical one,

two 30�-tilted directions and two lateral directions. Figure

7(i) exhibits one such situation as an example. Thus, the pro-

cess during two-step growth has identical growth directions

as seen in Fig. 3(a). As previously addressed in Figs. 2 and 4,

the diameter of a NW equals to that of the solid Au nanopar-

ticle in the VSS growth; however, it is larger than that of the

Au catalyst in the VLS growth.

In accordance with the mechanism, the VSS growth has

a significant impact on the NW size by efficiently decreasing

the NW diameter and increasing its uniformity. Both advan-

tages of the VSS growth on NWs morphology can result in a

small diameter to enhance radial quantum confinement. In

addition, during the VLS process, because Ge enters Au

droplets at high temperatures, the catalyst becomes Ge-

supersaturated Au-Ge droplets. Contrarily, with the solid cat-

alyst, the solubility of Ge in Au is lower than that in the VLS

process. Solidified Au nanoparticles inhibit foreign Ge atoms

injecting into themselves, ensuring the chemical purity of

NWs.13 This property determines that the average diameter

of the catalysts in the VLS process remains larger than that

in the VSS process, as shown in Fig. 4(a).

CONCLUSION

In summary, we have successfully grown Ge NWs on Ge

(110) at 220 �C, the IC compatible temperature, by VSS

MBE, and found that the morphology both in growth direction

and the dimension are different from these of the VLS pro-

cess. Compared to the NWs under the VLS process at higher

temperatures than Te, both the diameter and length decrease

significantly in the VSS process. The diameters of Ge NWs

under the VSS process strictly follow the size of Au nanopar-

ticles, leading to a controllable growth. Simultaneously, pure

NWs can be obtained from the VSS growth due to the prohib-

ited mixing of Ge with the solid Au catalyst. The two-step

growth of Ge NWs from the VLS growth switching to the

VSS growth has been realized. Ge NWs grown under the sec-

ond VSS process show the similarity in three growth orienta-

tions and the same diameter as that of the NWs directly grown

at 220 �C.
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