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Atomic Precision Advanced Manufacturing (APAM)[1], the ability to fabricate 

2D atomic-scale devices such as the ‘single-atom transistor’ [2] and dopant patch 

array devices [3] via the placement of n-type dopants such as P and As in single 

planes of Si(001) is being extended to bipolar devices. While the direct Gr.III 

equivalents of the Gr.V hydride precursors are not stable at room temperature, 

we have been using halide precursors, BCl3 and AlCl3 [4].  

In this work, we demonstrate the ability to form bipolar atomic-scale devices 

using BCl3 to place B and PH3 to place P using a H mask. The process involves 

sequential patterning, dosing and incorporation steps for each dopant. The P 

parts of the device are patterned, dosed and incorporated first, then the surface is 

repassivated, and a second round of patterning is performed for the B parts. The 

second round of patterning must be aligned with atomic precision to the P parts. 

as shown in Fig.1.   

Our goal is to develop the ability to produce a new class of bipolar devices with a 

number of advantages, including a significantly improved gain-bandwidth 

product, low-noise operation and cryogenic operation. An example of a pn 

junction device pattern after incorporation of both B and P dopants, but before 

burial of the complete device, is shown in Fig. 1.  

To help understand the operation of these 2D bipolar devices, we leverage 

Sandia’s open-source, TCAD (Technology Computer Aided Design) device 

simulator, Charon [5], and expand its capability to first understand previously 

published results on diborane-based 2D p-n junctions [6], as shown in Fig. 2. 

Once established, Charon modeling will be used to design device dimensions in 

the proposed bipolar devices.  
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Fig. 1: (a): Aligning B pattern (red) to existing incorporated P electrode. (b) 

p-n junction after B patterning, dosing and incorporation. (c) Complete pn 

junction device. 

 

Fig. 2: Current-voltage characteristics of a p-n tunnel diode fabricated using 

STM lithography (left, from Ref. 6), and simulated as 4 nm thick layers of 

the same lateral dimensions (right). The numbers call out the tunneling (2), 

negative differential conductance (3) and thermionic emission (4) regimes.  
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