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Selective area epitaxy of GaAs: the unintuitive role of feature size and pitch

Selective area epitaxy (SAE) provides the path for scalable fabrication of semiconductor nanostructures in a device-compatible configuration. In the current paradigm, SAE is understood as localized epitaxy, and is modelled by combining planar and self-assembled nanowire growth mechanisms. Here we use GaAs SAE as a model system to provide a different perspective. First, we provide evidence of the significant impact of the annealing stage in the calculation of the growth rates. Then, by elucidating the effect of geometrical constraints on the growth of the semiconductor crystal, we demonstrate the role of adatom desorption and resorption beyond the direct-impingement and diffusion-limited regime. Our theoretical model explains the effect of these constraints on the growth, and in particular why the SAE growth rate is highly sensitive to the pattern geometry. Finally, the disagreement of the model at the largest pitch points to non-negligible multiple adatom recycling between patterned features. Overall, our findings point out the importance of considering adatom diffusion, adsorption and desorption dynamics in designing the SAE pattern to create predetermined nanoscale structures across a wafer. These results are fundamental for the SAE process to become viable in the semiconductor industry.

Introduction

Selective area epitaxy (SAE) is an approach to grow crystal structures at desired locations on a wafer. It exploits a substrate covered with a patterned mask. Under certain growth conditions, crystals grow only at the exposed (non-covered) substrate surface.

Even though SAE was first proposed in the 1960s to fabricate III-V planar semiconductor structures [1][2][3], the interest towards this technique increased in the last decades thanks to two main advantages. First, SAE enables precise control over the morphology of the desired crystal, thus giving us flexibility in nanomaterial design. [4,5] The morphology of the grown crystal can be engineered by changing the pattern geometry, growth parameters, and the crystal orientation of the host substrate. [6][7][8] The inplane geometry of the crystal is mostly constrained by the pattern transferred to the mask. By simply altering the geometry of the apertures i.e., patterning circular holes, or rectangular slits, one can obtain quasi zero-, one-or two-dimensional structures including quantum dots, nanowires, nanofins, and nanomembranes. [6,[9][10][11] The out-of-plane geometry is strongly controlled by the growth parameters and the orientation of the host substrate. By exploiting the different wafer orientations and tuning the growth parameters, nanostructures with different facets and aspect ratios can be engineered. [8,12,13] The second advantage of SAE is scalability and flexibility. Having control over the position of the crystal growth paves the way towards wafer-scale fabrication of nanostructures. Compared to self-assembled growth, where randomness dominates, the epitaxial growth on patterned substrates results in structures with higher yield and uniformity.

Among different geometries, we are interested in the SAE of GaAs nanomembranes (NMs), as they may serve as templates for subsequent horizontal nanowire growth. [14,15] Horizontal In-based nanowires (NWs) recently received significant attention due to their possible use in topological quantum computing. [16] By using SAE, scalable, high-quality branched NWs can be formed. Rather than directly growing these NWs on the host substrate, GaAs buffer layers or NMs can further enhance their structural properties. [17] First, NMs have high crystal-quality which makes them suitable templates for that purpose. Second, growing wires away from the substrate eliminates the migration of impurities that are present on the substrate due to processing. [START_REF] Henini | Molecular beam epitaxy from research to mass production[END_REF] Third, much smaller NWs can be obtained at the top facet of the NM, thus reducing the NW diameter with respect to the mask opening. Additionally, compared to NWs grown directly inside the openings, NWs grown on buffer layers show better transport properties. [17] However, achieving a precise control over this process requires a deep understanding of the NM growth. Previously, the growth of NMs on (111)B GaAs substrates has been studied. [12,[START_REF] Albani | [END_REF]20] Such NMs are almost defect-free, and their shape is mostly kinetically driven, resulting in tunable aspect ratios. NWs grown on these membranes show an intermixing which is attributed to strain and the presence of high-index {311} facets. [14] On the contrary, when these NWs are grown on (100) membranes, an almostpure InAs formation is observed. Full appreciation of thermodynamic factors and kinetic processes driving the NW growth is crucial to adjust the thickness or the geometry of the NWs.

In this work, we investigate the growth of NMs on (100) substrates. We start by examining the effect of annealing on patterned host substrates. Depending on the geometrical parameters, including width and pitch, we observe a significant difference in the desorption rate and a consistent variation of the surface roughness at the bottom of the slits. Compared to GaAs NMs grown on (111)B substrates, the growth on (100) is more thermodynamically driven, which results in more stable low-index facets. For slits along the <011> direction, we still observe the formation of {311} facets as an intermediate step, which then terminated by the formation of {111} side facets. The growth rate of GaAs in the slits also varies with the pattern geometry. We provide a dedicated theoretical model which highlights how adatom diffusion on the surface affects the GaAs growth rate in SAE. Both the experimental observations and the model converge towards the possibility to engineer the pattern geometry on the mask to locally control the growth kinetics. In this perspective, we believe that this study gives a broader insight into the growth mechanisms of NMs in SAE.

Experimental Results

A schematic representation of the patterned substrate and the configuration parameters is shown in Figure 1a. The growth areas consist of arrays of 10 parallel slits extending along the <01 1> direction. The shorter side of the slits is referred to as width (W) while the center-to-center distance and the side-to-side distance between two neighboring slits are referred to as pitch (P) and minimum distance (M), respectively. The nominal pitches chosen for this study are 500, 1000, 2000 and 4000 nm. For each nominal pitch, slits having 100, 160 and 240 nm nominal widths were examined. All slits are 50 µm long. The difference between nominal and actual width values is due to the fabrication process, including the electron-beam lithography (EBL) patterning and the subsequent etching. Unless stated, the values given below will be the nominal ones. (see the Supporting information (SI), Figure S1) Figure 1b sketches the shape of the fully grown GaAs NMs on (100) substrates. The NMs oriented along the <01 1> direction exhibit {111}A Ga-terminated side facets.

Figure 1c contains representative scanning electron micrographs (SEMs) of the temporal evolution of a NM in a 100 nm nominal width slit with a 1000 nm pitch. The corresponding atomic force microscopy (AFM) images are shown in Figure 1d. Both SEM and AFM images indicate that annealing results in an increase in the surface roughness and depth of the slit. When the growth starts, small islands nucleate, and finally merge to form side facets belonging to the {311} family, which ultimately transition to the {111} facets, as shown further down. Even though all the slits follow a similar growth evolution, the temporal dependence strongly varies with their width and pitch. This dependence highlights the contributions of adatom desorption and diffusion to the NM formation. In other terms, this observation suggests that the effective flux that each slit receives depends on the pattern dimensions, leading to relative delays in the growth evolution. In order to understand this mechanism, we fully characterized the dependence of the growth rate on the slit pitch and width.

We start by describing the stage prior to growth. This corresponds to the desorption of the native oxide under an As 2 /As 4 flux at 630 • C. We note that in the literature this stage has not been well documented for SAE. Figure 2a shows the results of AFM measurements of 100 nm slits for pitches between 500 and 4000 nm after the desorption step. Both depth and roughness increase with the pitch. A similar trend is observed for wider slits (Figure S2). Figure 2b shows the average depth of the slits after the desorption step as a function of the pitch. The initial depth corresponds to a thickness of the mask oxide of about 22.5 nm. Note that in the figure, the increase in depth is given as negative assuming the top of the mask surface is at zero. In the annealing step the exposed surface of the substrate becomes rougher. This increase in the surface roughness in bare (100) GaAs substrates has been observed previously [21][22][23][24]. According to various studies, [25,26] the native oxide is composed of oxides of gallium and arsenic, the latter being the more volatile [22]. After As oxides are desorbed at relatively low temperatures, additional time and temperature are needed to sublimate Ga oxides. More importantly, additional Ga supply from the GaAs substrate is necessary for these reactions to take place [27,28]. This loss of material promotes the formation of pits on the surface. In our case, we observe an increase in the average depth from its initial value (22.5 nm). For a given width, the depth gradually increases with the pitch. This effect is more pronounced for narrower slits. In other words, the impact of the slit width becomes increasingly significant at larger slit pitches, suggesting that this phenomenon has a complex dependency on width and pitch. This desorption can be compensated by an incoming As 2 /As 4 flux. We can expect that the effective As flux might have a dependence on dimensions. Furthermore, when an As atom desorbs, it leaves a Ga adatom behind which may diffuse on the surface before desorption or binding again with an incoming As atom. Obtaining a comprehensive picture of the mechanisms which define the complex interplay of width and pitch during the annealing step would require a large experimental effort and is beyond the purpose of this paper. In the context of this work, this analysis highlights that the impact of the pattern geometry is not limited to the GaAs growth and, thus, appears as a key factor for the correct description of SAE mechanisms. In addition, GaAs also desorbs from the region under the mask. As a result, before the growth starts, there is a significant increase in the slit depth and a slight increase in its width.

We now turn to the study of the GaAs growth inside the slits. For this, in addition to the arsenic flux, samples are exposed to a Ga flux for growth times between 2 and 55 minutes. Figure 2c shows SEMs of the structures obtained after 2 to 4 minutes of growth for three different slit widths. Initially, GaAs forms many nuclei which are distributed randomly inside the slit. No significant difference is observed between the edge and the center of the single slit. Growth of GaAs starts earlier for the 240 nm slit (<1.9 min), followed by the 160 nm slit (<2.8 min) and 100 nm slit (<3.9 min). This prompted us to look into the growth evolution in more detail. Figures 3a and3b show NMs grown for the same time of 14 min inside the 100 and 160 nm wide slits. For both nominal widths, the volume of GaAs grown in the slit decreases for increasing pitch. Hence, for a given slit width, the smallest pitches capture more material. At a fixed pitch, NMs develop at a faster rate in wider slits.

It is worth noting that the NM faceting evolves during the growth. The temporal evolution of GaAs crystals formed in the slit having 240 nm width and 1000 nm pitch is shown in Figure 4a and4b. Due to the low aspect ratios, facets can be identified by their inclination and orientation using AFM. In the initial stage, small GaAs crystals forming inside the slits exhibit {311} side facets exhibiting an inclination of 25 • from the (100) surface. In the later stage, these nanocrystals merge and form a larger structure restricted by {311} facets which continues to grow until the NM emerges above the mask surface. Then, with increasing growth time (at 55 min for 240 nm width), the {111} facets start to form from the interface between the amorphous SiO 2 mask and the membrane. The coexistence of {311} and {111} facets is further demonstrated in cross-section TEM images (Figures 4d and4e). For fully grown membranes, we observe side facets inclined at 54 • from the (100) surface, corresponding to the {111} crystal planes.

Theoretical Model and Discussion

Here, the experimental results are modeled, in view of gaining a better understanding of the microscopic processes occurring during SAE. The input of the model is the volume of GaAs grown inside each slit, calculated by averaging the height values inside the slit measured by AFM. The depth increase due to the loss of material during the annealing process is taken into account. We obtain the volume of GaAs grown per unit surface area. Figure 5a shows the geometrical parameters used in the model: W is the width of the slit and M is the minimum distance between the slits. Pitch, P, is equal to M+W. The x and y directions are normal and parallel to the slits, respectively. The net change in depth over time is given in Figure 5b for W=160 nm and different pitches. The increase of the slope of the curves with respect to decreasing M indicates that the amount of material deposited is larger for smaller pitches. Figure 5c (solid dots) shows the dependence of the GaAs growth rate on width and pitch for all combinations of geometrical parameters investigated. Even though a fixed nominal growth rate was selected (0.3 Å/s), the actual growth rate is lower than the nominal one, and moreover it is strongly affected by the geometrical constraints. [29] One of the questions we want to answer is why the total volume of membrane grown in a slit in a given time decreases with increasing M . This seems nonintuitive if one considers that the amount of material collected from the vapor increases with M. At our growth temperature, As 4 molecules are either adsorbed or desorbed from the surface. Therefore, our model Center Edge considers only one adatom species, namely Ga, since it likely determines the growth rate. We model the local densities of the group III adatoms during growth in a stationary situation, with constant but non-uniform densities. Moreover, we assume that slits are long enough (50 µm) along y so that adatom densities depend only on x, and the growth rate is uniform over the width of the slit. We also assume that the adatom density is periodic along x, thereby neglecting edge effects that impact the slits at the periphery of the pattern. In Figure 4c-e, this edge effect is shown.
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Based on the height difference between structures, the variation in the growth rates can be seen. Please also check Figures S9 andS10. Subscripts i = m, s refer to mask and slit, respectively (we keep the term slit for the initial slit area throughout growth). The adatom densities are noted n i . We consider input from the vapor phase, surface diffusion, desorption and incorporation to the solid of the adatoms. Input flux J (in m -2 s -1 ) is spatially uniform. Since we are considering the selective growth regime, the incorporation J g (same unit) is zero on the mask. Surface diffusion is governed by the diffusion coefficients D i (in m 2 s -1 ) and characteristic times (in s) for desorption τ i . The corresponding diffusion lengths are λ i = √ D i τ i . Therefore, adatom density (in m -2 ) on the mask (0 ≤ x ≤ M/2) obeys equation:

J - n m τ m + D m d 2 n m dx 2 = 0 (1)
The general solution of Eq. ( 1) is: 

n m (x) = A m cosh x λ m + B m sinh x λ m + Jτ m (2) with A m , B m constants. Hence dn m /dx = (A m /λ m ) sinh (x/λ m ) + (B m /λ m ) cosh (x/λ m ). By
n m (x) = A m cosh x λ m + Jτ m (3) 
The adatom density in the first slit (M/2 ≤ x ≤ M/2 + W ) obeys equation:

J - n s τ s + D s d 2 n s dx 2 -J g (x) = 0 ( 4 
)
and it is symmetric around x = P/2 (provided the slit is far enough from the edges of the array). We now assume that growth is uniform within the slit, so that J g is a constant. Then, the solution of Eq. ( 4) is:

n s (x) = A s cosh x -P 2 λ s + (J -J g ) τ s (5) 
In order to determine the constants A m , A s , we first write the continuity of the adatom current at the mask/slit boundary x = M/2:

-D m dn m dx = -D s dn s dx (6) 
The sign of this quantity indicates if the adatom flux is directed from mask to slit or from slit to mask. Hence:

D m A m λ m S m = -D s A s λ s S s (7) 
with

S m = sinh[M/(2λ m )], S s = sinh[W/(2λ s )].
A second boundary condition at the mask/slit interface is obtained via the transition rate theory [30] previously used in the field of nanowire growth [31][32][33]:

-D m dn m dx M 2 = k + n m M 2 -k -n s M 2 (8) 
with k + and k -the rate constants (in ms -1 ) for the transfer of adatoms from mask to slit and slit to mask, respectively (Figure 5a) which, at variance with Ref. [31], we simply assume to be independent of adatom density [32,33]. Recalling that the growth rate per unit area scales with J g , from Eqs. ( 7) and ( 8), we find that J g can be expressed as:

J g = δJ + F C s A s τ s (9) 
where:

δ = 1 - k + τ m k -τ s (10) 
F = 1 + S s λ s C s k -τ s 1 + C m k + τ m S m λ m (11) 
with

C m = cosh[M/(2λ m )], C s = cosh[W/(2λ s )].
To find a solution and then compare the calculated growth rate (for a given set of system parameters) to our measurements, we need a second equation linking J g and A s , which can be obtained by relating growth rate J g to adatom density n s . Since J g is fixed over the slit width whereas n s is not, this relation must involve a global property of the adatom density. We tested a hypothesis in which the growth rate J g is proportional to the maximum adatom density (n

(m)
s ) over the slit, namely J g = αn (m) s . From Eq.( 5):

n (m) s = A s + (J -J g ) τ s (12) 
Combining Eqs. ( 9) and ( 12), we finally find the growth rate corresponding to our hypothesis:

J (m) g = J δ -F C s 1 -aF C s (13) 
where a = 1 + 1/ (ατ s ). Besides being proportional to the incident flux, the growth rate depends on five unknown parameters, namely k + τ m , k -τ s , λ m , λ s and ατ s . We modeled the data to find a single set of values of these five parameters that yield the best global fit between calculated growth rates and those extracted from the experiments (at all pitches and widths). In Figure 5c, we compare our experimental and calculated growth rates. Fits of similar quality can be obtained assuming different hypotheses on the adatom density (Figure S8). The model reproduces well the two main experimental trends: at fixed pitch, the growth rate increases with slit width, whereas at fixed slit width, it decreases when pitch (and hence the width of mask bands) increases. The latter result is striking, since one tends to believe that in SAE a wider mask band collects more source material and transfers it (if only partly) to the slit. But this intuitive conclusion must be overturned if, on the contrary, the transfer of material is predominantly from slit to mask. Examination of the fit results, and in particular of the sign of A s , shows that this is actually the case. The adatoms desorb easily from the mask, which therefore acts as an efficient sink and this favors a transfer from the slits. On the other hand, the experimental growth rate becomes less sensitive to pitch when slit width increases, whereas our calculations predict the opposite. More precisely, the calculated values are in reasonable agreement with our experiments for pitches up to 2000 nm, but not for the largest pitch of 4000 nm. While the model predicts growth rate values similar to those at 2000 nm, indicating a sort of saturation, we measure a strongly reduced growth rate. There might be several reasons for this disagreement. First, our highly simplified model does not consider the 3D nature of the growth, with specific sticking coefficients A c c e p t e d M a n u s c r i p t and desorption rates for each type of facet. This could be relevant since the NM shape changes from the beginning of growth till the formation of the complete (311) facets. Second, we supposed a stationary growth, despite the initial 3D growth mode, and even though the slit-mask boundary conditions will probably vary depending on the location of the boundary, below or above the mask level. To mitigate the impact of these two simplifications, we performed fits restricted to the latter growth period, where the NM is fully bounded by (311) facets of fixed area, which fully justifies the hypothesis of a growth rate uniform over slit width. The results were only marginally better. Finally, we assume that desorbed species leave the substrate, while they may remain there as adatoms and contribute to growth after transfer to neighboring slits. This effect may become negligible at very large pitches, a reason why the growth rate may strongly decrease.

Conclusion

We have investigated and analyzed SAE from an uncommon perspective and demonstrated the effect of geometrical constraints on the homoepitaxial growth of GaAs NMs on (100) substrates. During initial annealing, after full oxide removal, further desorption from the substrate was found to depend on width and pitch of the slit openings. This dependency persists during growth, with higher growth rates for wider slits and narrower pitches. Since material transport on the surface is regulated by diffusion, a dependency on pitch is expected. However, in the standard picture of SAE, the diffusion of species collected by the mask toward the openings dominates and produces the reverse effect. To clarify this, we first studied in detail the development of the NMs, which starts with the random nucleation of small crystals with {311} facets. After merging inside the slits, the NMs display extended (311) and (3 11 ) facets, which finally transform into the more stable (111) and (1 11 ) facets. We then developed a growth model incorporating adatom diffusion and desorption, which differ between mask and NM. The model explains the rather unintuitive decrease of the GaAs growth rate with increasing pitch by a transfer from slit and then NM to mask. The mask acts as a sink for diffusing species due to a high desorption rate. Overall, we showed that the geometrical constraints play an important role in SAE, with regards to both surface diffusion and crystal morphology. This stresses how crucial it is to consider the effect of width and pitch when designing wafer-scale devices. A c c e p t e d M a n u s c r i p t
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Methods

Semi insulating (100) GaAs wafers have been used to understand the effect of geometrical constraints on growth. To achieve selective growth, a 25 nm thick SiO 2 mask was deposited by plasma-enhanced chemical vapor deposition (PECVD). Afterwards, the slit geometry was patterned by electron beam lithography (EBL) on ZEP positive resist and cold developed with n-amyl acetate. The desired pattern was then transferred to the mask by reactive ion etching with CHF 3 /SF 6 chemistry. Finally, the wafer was further etched with diluted HF to decrease the surface roughness of the oxide and remove the oxide residues from the GaAs slit surface. After this step, the surface roughness (RMS) of substrate is less than 0.5 nm as measured by AFM. The slits along <01 1> direction (parallel to substrate flat) have been further chosen to understand the morphological evolution of GaAs nanomembranes. Asprepared chips were introduced into the ultrahigh vacuum (UHV) environment of an MBE machine (DCA P600). The chips were initially degassed at 400 • C (manipulator set temperature) for 2 hours in the degassing chamber to remove any organic molecules from the surface. Then the samples were transferred to the growth chamber. Prior to the growth, annealing was performed at 630 • C. The samples were kept at a constant temperature for 10 minutes to remove all native oxide, which we estimate to be 3-4 nm thick. During this step, the As 4 beam equivalent pressure (BEP) was 6 x 10 -6 Torr. The GaAs growth has been performed with a 2D equivalent growth rate of 0.3 Å/s, with a V/III ratio of 80 which ensures selective growth at 630 • C substrate temperature. In this study, we investigated the structures grown for 0 min (only annealing), 2 min, 5 min, 9 min, 14 min, 25 min and 55 min. Then we characterized the morphology and measured the grown volume using scanning electron microscopy and atom force microscopy. 
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 1 Figure 1. Schematic representation of as-patterned GaAs substrate prior to the growth (a) and after the growth of nanomembranes (b). Temporal evolution of GaAs nanomembranes: corresponding SEM (c) and AFM (d) images. Scale bar is 100 nm. Values in the AFM topography images are given in nanometers.
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 2 Figure 2. (a) Topography of annealed samples having 100 nm wide slits with different pitches.(b) The average depth measurement of various slits. We calculated the row averages along x, and the error bars show one standard deviation.(c) SEM micrographs of initial stages of the growth for three different widths and fixed 1000 nm pitch (c)
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 3 Figure 3. Pitch dependency of nanomembranes grown for 14 min having (a)100 nm and (b)160 nm widths. In each figure, pitch goes from 500 nm to 4000 nm from top to bottom.

Figure 4 .

 4 Figure 4. a) AFM contour plots of temporal evolution of 240 nm width slits having 1 µm pitch. b) Cross sections that are drawn as white dashed lines in (a). c) Schematic diagram of slits showing locations at the edge and center. High resolution TEM images of 160 nm nominal width slits having 1 µm pitch, d) center and e) edge slits respectively. Scale bar corresponds to 50 nm

  A c c e p t e d M a n u s c r i p t symmetry, the diffusion flux -D dn m /dx cancels at the middle of the central mask band (x = 0). Hence, B m = 0 and adatom density at the mask becomes

Figure 5 .

 5 Figure 5. (a)Schematics of our system: τm and τs are the desorption times from the mask and from the slit, k + and k - are rate constants for transfer from mask to slit and slit to mask respectively. (b) Change in volume per unit area over time for slits of 160 nm nominal width having different pitch values. (c) Experimental growth rates (solid dots) and the outcome of our model (empty dots) assuming the growth rate is proportional to maximum adatom density, for all combination of pitch and slit width. Each point represent the slope of a linear fit of the variation of deposited thickness with time, as shown by dashed lines in (b).
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